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Candida infections have high prevalence; therefore, better understanding of the 
development mechanisms of biofilms is required for the reduction of virulence and 
for more appropriated clinical management. The aim of this study was to analyse 
the virulence of Candida albicans biofilms developed under different conditions. 
The role of biomaterial surfaces, salivary pellicle, and stage of biofilm development 
has been reported in Chapter 1. The influence of the presence of other 
microorganisms in virulence of C. albicans and on the interaction with the 
epithelium was evaluated in Chapter 2. The role of the atmosphere and of the 
biofilm’s bacterial population was investigated in Chapter 3. In Chapter 1, C. 
albicans biofilms were developed on acrylic resin and titanium discs coated with 
saliva pellicle, or saliva with blood plasma pellicle. The materials’ surfaces were 
analysed with regards to surface roughness and surface free energy (SFE). We 
evaluated the number of viable organisms, the DNA concentration, the metabolic 
activity, the expression of virulence factors and the architecture of the biofilms. 
There were no differences in the surface roughness of materials. The pellicles 
eliminated the differences between SFE of materials. Higher SFE was observed for 
discs coated with pellicles of saliva with plasma. The number of viable organisms, 
the DNA concentration and the metabolic activity increased throughout the biofilm 
maturation. Higher metabolic activity, increased expression of ALS1, ALS3 and 
HWP1, and more hyphae were observed in biofilms grown in the presence of 
saliva with plasma pellicle. There were no differences between the materials. In 
conclusion, the presence of saliva with plasma pellicle increases the C. albicans 
virulence. In chapter 2, mature biofilms (72 h) of C. albicans, or C. albicans with 
bacteria, were developed on the surface of acrylic resin discs. These biofilms were 
then analysed or used to infect a reconstituted human oral epithelium model 
(RHOE). Biofilms were evaluated according to the number of hyphae and the 
expression of virulence factors. The epithelial response was evaluated by the 
expression of IL-18 and Dectin1, by the activity of lactate dehydrogenase enzyme 
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(LDH), and with regards the epithelial invasion. Increased number of hyphae and 
increased expression of HWP1, SAP4 and SAP6 were observed in multi-species 
biofilms developed on acrylic. Multi-species biofilms that have infected RHOE also 
had a greater number of hyphae and increased expression of ALS3, EPA1, SAP6 
and HWP1. Consequently, these epithelia showed greater tissue invasion, higher 
LDH activity and higher IL-18 expression. We concluded, therefore, that the 
presence of bacteria promotes the virulence and pathogenicity of C. albicans. In 
Chapter 3, biofilms of C. albicans and C. albicans with streptococci were 
developed on titanium, aerobically and anaerobically. C. albicans biofilms (mixed 
or not-mixed with streptococci) were also grown in the presence Porphyromonas 
gingivalis, anaerobically. Biofilms were evaluated according to the formation of 
hyphae and expression of virulence factors. Anaerobic conditions and co-
cultivation of streptococci produced higher number of hyphae and increased 
expression of virulence factors. Although P. gingivalis has inhibited the virulence of 
C. albicans, this effect was reversed in the presence of streptococci. We concluded 
that the anaerobic atmosphere and the presence of streptococci stimulate the C. 
albicans virulence. 





A prevalência das infecções por Candida é elevada; logo, melhor compreensão 
dos mecanismos de desenvolvimento do biofilme é necessária para a redução da 
virulência e apropriado manejo clínico. Objetivou-se analisar a virulência de 
biofilmes de Candida albicans  desenvolvidos sob diferentes condições. O papel 
das superfícies de biomateriais, da película salivar, e do estágio de 
desenvolvimento dos  biofilmes foi avaliado no Capítulo 1. A influência da 
presença de outros microrganismos na virulência de C. albicans e na interação 
com o epitélio foi avaliada no Capítulo 2. O papel da atmosfera e da população 
bacteriana dos biofilmes foi investigado no Capítulo 3. No Capítulo 1, biofilmes de 
C. albicans foram desenvolvidos sobre discos de resina acrílica e titânio 
recobertos com película de saliva, ou de saliva com plasma. A superfície dos 
materiais foi analisada quanto a rugosidade e energia livre de superfície (ELS). 
Avaliou-se o número de microrganismos viáveis, a concentração de DNA, a 
atividade metabólica, a expressão de fatores de virulência e a estrutura dos 
biofilmes. Não houve diferenças quanto a rugosidade das superfícies. A película 
minimizou as diferenças entre a ELS dos materiais, sendo maior ELS observada 
para películas de saliva com plasma. O número de microrganismos viáveis, a 
concentração de DNA e a atividade metabólica aumentaram ao longo da 
maturação do biofilme. Maior atividade metabólica, maior expressão de ALS1, 
ALS3 e HWP1, e maior número de hifas foram verificados em biofilmes 
desenvolvidos na presença de película de saliva com plasma. Não houve 
diferenças entre os materiais. Concluiu-se que a presença de plasma na película 
salivar aumenta a virulência de C. albicans. No capítulo 2, biofilmes maduros (72 
h) de C. albicans, e de C. albicans com bactérias, foram desenvolvidos sobre a 
superfície de resina acrílica. Esses biofilmes foram então analisados ou utilizados 
para infectar um modelo de epitélio oral humano reconstituído (RHOE). Avaliou-se 
o número de hifas e a expressão de fatores de virulência. A resposta epitelial foi 
avaliada por meio da expressão de IL-18 e Dectin1, da atividade da enzima 
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lactato-desidrogenase (LDH), e a invasão epitelial. Maior número de hifas e maior 
expressão de HWP1, SAP4 e SAP6 foram verificados em biofilmes multi-espécie 
desenvolvidos sobre o acrílico. Biofilmes multi-espécies que infectaram o RHOE 
também apresentaram maior número de hifas e maior expressão de ALS3, EPA1, 
SAP6 e HWP1. Consequentemente, esses epitélios apresentaram maior invasão 
tecidual, maior atividade de LDH e maior expressão de IL-18. Concluiu-se que a 
presença de bactérias aumenta a virulência e patogenicidade de C. albicans. No 
capítulo 3, biofilmes de C. albicans e de C. albicans com estreptococos foram 
desenvolvidos sobre titânio em atmosfera de aerobiose e anaerobiose. Biofilmes 
de C. albicans (com ou sem estreptococos) também foram desenvolvidos na 
presença de Porphyromonas gingivalis, em anaerobiose. Avaliou-se a formação 
de hifas e a expressão de fatores de virulência. A atmosfera de anaerobiose e o 
co-cultivo com estreptococos geraram maior número de hifas e maior expressão 
de fatores de virulência. Embora P. gingivalis tenha inibido a virulência de C. 
albicans em biofilmes duo-espécies, esse efeito foi revertido na presença de 
estreptococos. Concluiu-se que a atmosfera de anaerobiose e a presença de 
estreptococos estimulam a virulência de C. albicans. 
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Anexo 2: Laudo técnico do epitélio oral humano reconstituído, fornecido 








Anexo 3: Comprovante da publicação do artigo científico “Virulence and 
pathogenicity of Candida albicans is enhanced in biofilms containing oral 
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Os fungos do gênero Candida são colonizadores frequentes dos seres 
humanos, sendo a espécie C. albicans o micro-organismo mais rotineiramente identificado 
(ten Cate et al., 2009; Peleg et al., 2010). Embora esses fungos normalmente se 
proliferem de modo comensal, diversos fatores podem romper o estado de equilíbrio entre 
a microbiota e o hospedeiro, resultando na proliferação excessiva de Candida e 
consequente infecção, denominada candidose (ten Cate et al., 2009; Peleg et al., 2010; 
Gow et al., 2011). 
Candidoses são as infecções fúngicas mais prevalentes, podendo ocorrer de 
forma local ou sistêmica, sendo frequentemente associada a imunossupressão do 
hospedeiro, administração de antibióticos de largo espectro, acúmulo de biofilmes e perda 
de homeostase da microbiota (Peleg et al., 2010; Williams et al., 2011). Essas infecções 
geralmente acometem superfícies mucosas úmidas como a cavidade bucal, a orofaringe e 
o conduto vaginal (Peleg et al., 2010). 
A candidose associada ao uso de próteses dentárias removíveis, ou 
estomatite protética, consiste na forma mais prevalente de candidose oral, afetando 35% 
a 75% de usuários de próteses removíveis (Coco et al., 2008; Zomorodian et al., 2011). A 
infecção ocorre na mucosa subjacente às superfícies de próteses mal higienizadas, onde 
o biofilme acumulado atua como principal agente patológico para recorrência e 
persistência da infecção (ten Cate et al., 2009; Williams et al., 2011). A interface entre a 
prótese removível e o epitélio oral consiste, portanto, em um ambiente onde o biofilme 
desenvolve-se livremente, sendo protegido da ação do fluxo salivar e de moléculas de 
defesa do hospedeiro (ten Cate et al., 2009; Williams et al., 2011).  
O acúmulo de biofilme na interface entre as próteses e o epitélio constitui um 
fator de preocupação também para os casos de próteses suportadas por implantes. 
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Nesses casos, o acúmulo de biofilmes, além de provocar a infecção da mucosa 
adjacente,  pode afetar a saúde periimplantar e o subsequente sucesso dos implantes 
dentários (Lehmann et al., 2013; Kilic et al., 2014). Nos casos de saúde peri-implantar, a 
espécie C. albicans não está envolvida na formação dos biofilmes; entretanto, esse micro-
organismo é frequentemente identificado em biofilmes recuperados de lesões de peri-
implantite (Lehmann et al., 2013, Kilic et al., 2014). Isso sugere, portanto, que esse fungo 
exerce um papel relevante no desenvolvimento das infecções peri-implantares. 
Nesse sentido, o desenvolvimento de biofilmes sobre a superfície de 
biomateriais não é, portanto, uma preocupação exclusiva da Odontologia. O acúmulo de 
biofilmes sobre a superfície de cateteres, tubo de nutrição parenteral, ventiladores 
pulmonares, entre outros dispositivos foi também descrito como um fator de risco 
relevante para o desenvolvimento de outras infecções, com repercussão local e sistêmica 
(ten Cate et al., 2009; Peleg et al., 2010; Mikulska et al., 2011; Tumbarello et al., 2012). 
Assim, a investigação dos mecanismos de desenvolvimento do biofilmes de C. albicans 
contribui para o melhor o manejo clínico dessas infecções, extrapolando-se o meio oral. 
A maior virulência e patogenicidade de C. albicans está relacionada com 
muitos fatores, entre eles a capacidade para formar biofilmes sobre ampla variedade de 
superfícies, incluindo a mucosa oral e biomateriais protéticos (Papon et al., 2013 Mayer et 
al., 2013). Esses micro-organismos secretam também enzimas (proteinases e 
fosfolipases), as quais ampliam a capacidade de invasão epitelial e a sua respectiva 
virulência. Além disso, a capacidade de proliferação por meio de hifas confere maior 
proteção à fagocitose por células de defesa do hospedeiro, dando ao micro-organismo 
maior poder de invasão epitelial (Dongari-Bagtzoglou et al., 2009; Gow et al., 2011; Papon 
et al., 2013 Mayer et al., 2013).  
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Esses fatores de virulência são controlados pela expressão de vários genes, 
os quais codificam a produção de adesinas de superfície (agglutinin-like sequences – 
ALSs, epithelial adhesins – EPA e hyphal wall protein – HWP), de enzimas proteolíticas 
(secreted aspartyl-proteinases - SAPs) e de fosfolipases (PLDs) (Nailis et al., 2009; Naglik 
et al., 2008; Zhu; Filler, 2010; Alves et al., 2014). As adesinas de superfície tem o seu 
papel relacionado a capacidade de adesão e interação com o substrato; podendo também 
indicar morfogênese de Candida, uma vez que algumas dessas adesinas (ALS3 e HWP1) 
são expressas exclusivamente na parede celular de hifas. As proteinases secretadas de 
aspartil e fosfolipases estão relacionadas tanto com o mecanismo de filamentação 
(morfogênese), quanto à capacidade de invasão epitelial, sendo importantes fatores de 
virulência a serem investigados.  
Esses genes, por sua vez, podem ter sua expressão modulada por fatores do 
ambiente, a exemplo da disponibilidade de nutrientes, pH, tensão de oxigênio e de gás 
carbônico (Biswa et al., 2007; Gow et al., 2011; Lu et al., 2013; Buu; Chen, 2014). 
Entretanto, a influência de outros fatores ambientais, como a composição da película 
salivar e da presença de outros micro-organismos tem sido pouco explorada.  
Invariavelmente, o micro-organismo C. albicans está associado a outras 
bactérias e espécies fúngicas para o desenvolvimento das infecções (Morales;  Hogan 
2010; Peleg et al 2010; Pereira-Cenci et al., 2010; Alves et al., 2014). No entanto, o papel 
das bactérias permanece incerto e tem recebido pouca atenção. O fato de que as 
bactérias alteram o ambiente local bem como a resposta imune do hospedeiro sugere que 
a sua presença poderia afetar a progressão da infecção por Candida (Morales; Hogan 
2010; Peleg et al 2010).  
Melhor compreensão a respeito dos fatores ambientais que interferem com a 
virulência dos biofilmes pode contribuir para melhor abordagem dos tratamentos das 
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infecções por Candida. O mesmo se aplica para o maior entendimento a respeito das 
interações de C. albicans com o epitélio e com outros micro-organismos. 
Assim, o objetivo do presente estudo foi avaliar a virulência de biofilmes de C. 
albicans, desenvolvidos sob diferentes condições. O papel das características de 
superfícies de biomateriais, da película salivar adsorvida a essas superfícies e do estágio 
de desenvolvimento dos  biofilmes foi avaliado no Capítulo 1. A influência da presença de 
outros micro-organismos na virulência de C. albicans e na interação com o hospedeiro foi 
avaliada no Capítulo 2. A influência da atmosfera e das populações bacterianas dos 
biofilmes foi investigada no Capítulo 3.  
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Salivary pellicles equalise surfaces’ charges and blood plasma increases the 
virulence of Candida albicans biofilms 
Abstract 
Numerous environmental factors influence the pathogenesis of Candida biofilms and an 
understanding of them is necessary for appropriate clinical management. This study aimed 
to investigate the role of material type, pellicle and stage of biofilm development on the 
viability, bioactivity, virulence and structure of C. albicans biofilms. Surface roughness 
(SR) and surface free energy (SFE) of acrylic and titanium specimens was measured. 
Pellicles of saliva, or saliva supplemented with plasma, were formed on the materials’ 
surface. Candida albicans biofilms were then generated for 1.5 h, 24 h, 48 h and 72 h. The 
cell viability in biofilms was analysed by culture plating, whilst DNA concentration and the 
expression of Candida virulence genes (ALS1, ALS3 and HWP1) were evaluated using 
qPCR. Metabolic activity of biofilms was determined using XTT reduction assay, and 
biofilm structure analysed by Scanning Electron Microscopy (SEM). Whilst the SR of 
acrylic and titanium did not significantly differ, the saliva with plasma pellicle increased 
significantly the total SFE of both surfaces. The number of viable microorganisms and 
DNA concentration increased with biofilm development, not differing within materials and 
pellicles. Biofilms developed on saliva with plasma pellicle surfaces had significantly higher 
activity after 24 h and this was accompanied with higher expression of virulence genes at 
all periods. In conclusion, induction of C. albicans virulence occurs with the presence of 
plasma proteins in pellicles, throughout biofilm growth. To mitigate such effects, reduction 
of increased plasmatic exsudate, related to chronic inflammatory response, could aid the 
management of candidal biofilm-related infections. 




Candidoses are infections caused by fungi of the genus Candida and are the 
most prevalent fungal infections in humans. Candidoses can manifest both topically and 
systemically and may involve many different sites in the human body.1,2 Candida fungi 
normally exists as a harmless commensals, and the onset of infection is usually 
associated with particular factors, such immunological debilitation, receipt of a broad-
spectrum antibiotic, or the loss of homeostasis within microbial communities.1-3 
Within the oral environment, Candida-associated denture stomatitis is the most 
prevalent form of oral candidosis. This condition affetcts a wide range of denture wearers, 
with prevalence varing between 35% to 75%, depending on the investigated population.5,6 
The infection is usually seen as chronic inflammation of the palatal tissue in contact with a 
poorly cleansed denture surface upon which candidal biofilms have developed.3,6 In these 
biofilms, C. albicans is the most frequently encountered Candida species, and whilst 
bacteria may also be present, their role in the infection is unclear.5,6  
Candida albicans is regarded as the most pathogenic Candida species in all 
forms of human candidosis.1-3 Virulence of C. albicans relates to its ability to form biofilms 
on a wide variety of surfaces;7-9 to grow and proliferate as hyphae;3,10,11 to colonise and 
invade epithelial tissues;11-13 to produce and secrete proteolytic enzymes;14-16 and to evade 
host immune responses.17 Importantly, Candida virulence factors can be triggered by local 
environmental stimuli,18 including pH, nutrient availability and gaseous composition. 
Although the properties of the colonised surfaces (e.g. surface roughness and surface 
charge) and the composition of the salivary pellicle have been shown to increase biofilm 
development,16,19,20 the virulence of such biofilms has not been extensively studied.  
In the case of denture stomatitis, at the interface between the denture and the 
epithelium, reduced salivary flow is evident and the acrylic surface is also non-shedding. 
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Both of these factors can contribute to the accumulation of biofilms.3 Biofilm development 
over other intra-oral biomaterials, such as dental implants, has also been reported as a 
risk factor to oral infections including peri-implantitis.21,22 Consequently, classical signs of 
chronic inflammatory responses (characterised by soft tissue swelling and increased blood 
plasma exudate) can be generated at the interface between the biomaterial and the 
mucosal surface.   
Given the importance of the inflammatory exsudate on the progression and 
pathogenesis of infection, greater understanding of the role that material surfaces and 
associated coating pellicles play in the development of Candida biofilms is still required. At 
sites of inflammation, plasma components may also contribute to the pellicle formed and, 
in turn, alter the pellicle composition,16 the surface free energy (SFE),16,20,23 the number of 
attached microorganisms20 and the activity of C. albicans phospholipase and proteinase 
enzymes.16 However, the role of plasma containing pellicles and the material surface itself 
on C. albicans biofilm virulence has not been widely examined. 
Important C. albicans adhesins such ALS1, ALS3 and HWP1 have been 
reported to influence the virulence and pathogenesis of biofilms.2,8,10,13 However, few 
studies have shown the influence of surface materials or pellicle composition on the 
virulence of Candida biofilms. Therefore, the aim of this study was to investigate the role of 
material type, pellicle composition and stage of the biofilm development on the viability, 









In vitro assessment of the effect of surface material, pellicle composition, and 
stage of biofilm development on C. albicans virulence was undertaken. Materials studied 
were acrylic resin and titanium, as used in the construction of dental prosthesis. The 
surface roughness (SR) and SFE of these materials was initially characterised. Biofilms 
(n=9) were then developed on acrylic and titanium discs, which had been coated with 
human whole saliva pellicles with, or without human blood plasma (20:1 v/v).  After 1.5 h, 
24 h, 48 h and 72 h incubation at 37°C, biofilms were recovered and the number of viable 
C. albicans, DNA content, and expression of C. albicans virulence genes (ALS1, ALS3 and 
HWP1) was measured. Additional biofilms were generated to analyse metabolic activity 
(n=9; XTT assay) and the biofilm structure (n=3; Scanning Electron Microscopy SEM).  
 
Material Preparation 
Heat-polymerised  (poly-methyl methacrylate; PMMA) acrylic resin (QC-20; 
Dentsply Int Inc., Weybridge, UK) was prepared according to the manufacturer’s 
instructions and fabricated into disc-shaped specimens (10 mm diameter, 2 mm 
thickness). Acrylic discs were finished in a horizontal polisher (model APL-4; Arotec, São 
Paulo, Brazil) using progressively finer aluminium oxide papers (320-, 400-, and 600-grit).  
Commercially pure grade IV titanium discs (12.5 mm diameter, 2 mm 
thickness) were obtained by cutting of titanium bars (Sandinox; Sorocaba, São Paulo, 
Brazil) using cold electron-erosion. The surfaces of the specimens were finished and 
polished by barrelling. Barrelling involved mixing titanium discs in a barrel with ceramic 
particles and an abrasive paste for 8 h. The discs were then transferred to another barrel 
with porcelain particles and abrasive paste for an additional 3 h.  
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Prior to use, all specimens were ultrasonically cleaned with 70% (v/v) alcohol 
and with sterile ultra-purified water (20 min) to remove surface debris. Acrylic discs were 
decontaminated by immersion in 1% sodium hypochlorite solution and then thoroughly 
rinsed with sterile water. Titanium discs were sterilised by autoclaving at 121ºC for 15 min. 
No harm effects were observed on the materials surface, after decontamination. 
Decontamination and sterelisation effectiveness was confirmed by immersing a sample of 
cleaned specimens on sterile culture media for 7 days. 
 
Surface Roughness (SR) characterisation 
The SR of materials was measured using an optical tri-dimensional surface 
profilometer (NewView 7300, Zygo Middlefield, CT, USA), at resolution of 0.3 µm 
(horizontally) and 0.05 µm (vertically). Five random areas (212 × 283 µm) of each 
specimen (n=5) were analysed under Gaussian filter to remove interferences. SR was 
expressed as average roughness (Sa and Sz), percentage of additional surface area 
(Sdr), rate of peaks per area (Sds) and ratio between peaks and valleys (Ssk).  
 
Salivary pellicle formation 
Human whole saliva and blood plasma were used to generate pellicles on 
material surfaces. The ethical committee in research of the Piracicaba Dental School, 
University of Campinas, Brazil, had previously approved the collection and management of 
saliva and blood plasma, according to protocol number 021/2012. Stimulated human 
whole saliva was obtained from three healthy individuals after receipt of informed written 
consent, whilst pooled human blood plasma was obtained from a blood bank (Varginha – 
MG, Brazil). 
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Volunteers that donated saliva consisted of 2 women and 1 man, with ages 
between 25 and 28 years old. All individuals had an overall good oral health and also a 
healthy periodontal status. None of then presented systemic diseases or were under any 
medication regimen. 
After stimulation with paraffin film (Parafilm M; American Can Co, Neenah, WI, 
USA), saliva was collected in iced-chilled polypropylene tubes. This collection was 
performed at the same time in the morning, over a 30 min period. Saliva was pooled, 
mixed with a serine protease inhibitor (0.1 mM phenylmethylsulfonyl-fluoride) and clarified 
by centrifugation (3,800 g, 5 min, 4ºC).16,20 The saliva supernatant was then filtered (0.22-
µm-membrane filter; Corning, Horseheads, NY, USA) and maintained on ice until use. 
Aliquots (20 ml) of blood plasma in polypropylene tubes were stored at -20ºC until use.16,20  
Immediately prior to experiments, cleaned acrylic and titanium specimens were 
horizontally placed in pre-sterilised 24-well plates. Prepared materials were incubated 
(35ºC), and gently rotated (75 rpm) on an orbital shaker (NT 150 Kline Shaker, 
Novatecnica, Piracicaba - SP, Brazil), for 2 h, with 2 mL of human whole saliva, or a 
mixture of whole saliva and blood plasma (20:1 v/v).16,20 The materials were then rinsed 
with phosphate buffered saline (PBS, pH 7.4) and immediately used in experiments. 
  
Surface Free Energy (SFE) measurements 
SFE was measured with a goniometer (Ramé-Hart 500; Ramé-Hart Instrument 
Co, Succasunna, NJ) using an acid-base method.24 Materials devoid of pellicle and those 
coated with saliva, or coated with saliva with plasma (20:1 v/v) were analysed.16 Coated 
materials were initially dried at 35º C for 4 h, prior to SFE analysis.16 The contact angle 
between the material surface and the sessile drop (15 µL) was analysed for three different 
solutions: ultrapure water, 99.5% formamide (Sigma-Aldrich Corp, St. Louis, Mo), and 99% 
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bromonaphthalene (Sigma-Aldrich Corp, St. Louis, Mo). Contact angles, the polar and 
dispersive components, and the SFE were computed with Ramé-Hart DROPimage 
Standard software (Ramé-Hart Instrument Co). 
 
Development of biofilms 
Candida albicans ATCC 90028 was cultured on Sabouraud’s Dextrose Agar 
(SDA, Difco, Detroit, MI, USA) and 2-3 colonies were then subcultured in Yeast Nitrogen 
Base broth (YNB, Difco, Detroit, MI, USA) supplemented with 50 mM glucose.16,20 After 18-
20 h incubation (35ºC, 75 rpm), cells were harvested by centrifugation (3000 g, 5 min), 
washed twice in PBS, and re-suspended in YNB enriched with 100 mM glucose. The 
optical density was adjusted to 0.25 at 520nm using a spectrophotometer (DU 800, 
Beckman Coulter, Inc., Brea, CA, USA) and this standardised suspension corresponded to 
~1 × 106 colony forming units (CFU)/mL of C. albicans.16,20 
Prepared materials with associated pellicles were inoculated with a 10-fold 
diluted preparation of standardised C. albicans suspension and incubated aerobically 
(35ºC, 75 rpm) for 1.5 h (initial adherence). The culture medium was then removed and the 
specimens washed (×2 in PBS) to remove non-adherent cells. Fresh culture medium (YNB 
enriched with 100 mM glucose) was added to each well and incubation continued for 72 h 
at 35ºC, under agitation (75 rpm) with the culture medium renewed every 24 h.16,20 
 
Biofilm analysis 
Biofilms (n=9, for each group) generated for 1.5 h, 24 h, 48 h and 72 h were 
recovered from acrylic and titanium surfaces by ultrasonic disruption (7 W, 30 s; Branson, 
Sonifer 50, Danbury, CT, USA) in 1 mL of PBS and collected in ice-chilled tubes. 
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A 200-µL aliquot of the biofilm solution was serially diluted in PBS and portions 
(20-µL) of these dilutions were cultured on SDA plates using a drop-counting technique. 
SDA plates were incubated aerobically at 35°C for 24 h and the resulting CFU/mL 
enumerated. The remaining 800-µL of biofilm solution was divided equally (400-µL) and 
transferred into 1.5 mL microtubes. After centrifugation (11,000 g, for 5 min, at 4°C), the 
supernatant was removed and cell pellets stored at -80ºC for later qPCR and RT-qPCR.  
 
DNA and RNA extraction  
Frozen biofilm pellets were suspended in 450 µL of lysis buffer (Tris-EDTA 
buffer solution, pH 8.0 and 1% lysozyme; Sigma-Aldrich). Biofilm suspensions were mixed 
with 50 µL of 10% SDS (Sodium Dodecyl Sulphate, Sigma-Aldrich) and 500 µL of 
phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma-Aldrich), before high-speed 
homogenisation with glass beads in a Mini-Bead-Beater-8 (Stratech Scientific, Soham, 
UK). Total nucleic acid was obtained in aqueous phase, after separation with 
phenol:chloroform:isoamyl-alcohol (25:24:1).25-27 These procedures were performed for 
both DNA and RNA samples, prior to respective nucleic acid purification. 
After total nucleic acid extraction, DNA was precipitated with 100% ethanol and 
treated with 5 µL of 10× diluted RNAse A (20 µg/µL) (Invitrogen), for 30 minutes, at 40ºC. 
Purified DNA was suspended in 50 µL of 10 mM Tris-HCl and subjected to gel 
electrophoresis.25-27 Total DNA concentration was calculated using the absorbance ratio at 
260/280nm (Nanodrop, Thermo-Scientific, Life Technologies). Extracted DNA was used as 
an alternative method to perform biofilm cell quantification using quantitative polymerase 
chain reaction (qPCR).25-27 
In the case of RNA purification, total nucleic acid was precipitated with 100% 
ethanol and purified using the RiboPure Yeast Kit (Ambion, Life Technologies). Total RNA 
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was recovered and after filter column purification and DNAse I (Invitrogen) treatment, 
resuspended in ultra-pure water. The integrity and purity of total RNA was assessed by gel 
electrophoresis. RNA concentration was spectrophotometrically determined by measuring 
the absorbance ratio at 260/280nm (Nanodrop, Thermo-Scientific, Life Technologies).25-27 
Standardised (200 ng/µL) total RNA suspensions were prepared and expression of C. 
albicans putative virulence genes tested using two-step RT-qPCR (reverse transcription 
followed by qPCR). 25-27 
 
qPCR and RT-qPCR analyses 
Primers for qPCR and RT-qPCR are presented in Table 1. Primers were 
designed from full-length gene sequences obtained from the nucleotide platform in 
PubMed, using Primer3 Plus software.27,28 The specificity of each primer was confirmed 
using primer-BLAST,29 which compared the respective sequences with databases of C. 
albicans genomes.  
 
Table 1. Oligonucleotide sequences used for qPCR and RT-qPCR assays. 
Genes Oligonucleotide sequences (5’ !  3’) Product size 
ACT1 – Housekeeping gene 
F – TGCTGAACGTATGCAAAAGG 
R – TGAACAATGGATGGACCAGA 
186 bp 
ALS1 – Agglutinin-like sequence  
F – CCCAACTTGGAATGCTGTTT 
R – TTTCAAAGCGTCGTTCACAG 
223 bp 
ALS3 – Agglutinin-like sequence  
F – CGTCCATTTGTTGACGCTTA 
R – GCGGTTAGGATCGAATGGTA 
234 bp 
HWP1 – Hyphal Wall Protein 
F – TCTACTGCTCCAGCCACTGA 
R – GTGGAATGGAAGCTTCTGGA 
226 bp 
 
Primer specificity for qPCR was also confirmed in preliminary studies involving 
conventional PCR assays with extracted genomic DNA. ACT1 primers were used for both 
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DNA quantification (qPCR) and gene expression (RT-qPCR), whilst ALS1, ALS3 and 
HWP1 primers were only used for gene expression.  
DNA quantification was performed in a Mini Opticon Real Time PCR System 
(Bio Rad, Hercules, CA, USA), which was used for amplification and detection by qPCR. 
Real time qPCR 20 µL mixes comprised of 2 µL of purified DNA, 10 µL (×2) of iQ™ 
SYBR® Green Supermix (Bio-Rad), 1 µL of each (forward and reverse) ACT1 primer (10 
mM/µL), and 6 µL of molecular biology grade water. Reactions were performed in a 48-
well plate, using the following cycling profile: initial denaturation at 95°C for 5 min; 40 
cycles of 95°C for 30s, 60°C for 1 min, and 72°C for 30 s; followed by a final extension at 
72°C for 5 min. A dissociation stage at 60°C was performed to generate a melting curve 
for verification of amplified product. Standard curves of 6 different DNA concentrations 
(600, 60, 6, 0.6, 0.06 and 0.006 ng/µL) were plotted using the cycle number at which the 
threshold fluorescence (Ct) was reached30 and results were expressed as DNA 
concentration (ng/µL). 
Purified RNA was used as template for gene expression analysis in a two-step 
RT-qPCR. This involved independent reverse transcription (RT) and qPCR. Synthesis of 
cDNA was performed using 1 µg of purified RNA and the iScript™ cDNA Synthesis Kit 
(Bio-Rad). RT reactions contained 5 µL of purified RNA (200 ng/µL), 4 µL (×5) of iScript 
buffer (Bio-Rad), 1 µL of reverse transcriptase enzyme and 10 µL of molecular biology 
grade water. RT reactions were performed in a conventional thermo-cycler, with the 
following thermal protocol: 25°C for 5 min; 42°C for 30 min and 85°C for 5 min. Generated 
cDNA was used for qPCR analysis. ACT1 gene served as an endogenous control for C. 
albicans gene expression, as its production is constitutive.8,31 Agglutinin-like sequence 
(ALS1 and ALS3) and hyphal wall protein (HWP1) genes were targeted as putative 
virulence genes of C. albicans. 
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The qPCR for gene expression analysis was performed as described 
previously. After qPCR, the threshold was adjusted according to the amplification curves of 
all evaluated genes. Standard curves of 6 different DNA concentrations (600, 60, 6, 0.6, 
0.06 and 0.006 ng/µL) were plotted using the cycle number at which the threshold 
fluorescence was reached (Ct).30 Relative comparisons between groups were made 
according to the ratio between the absolute quantification of target and reference genes, 
for each group, within each time point. Results were expressed as relative fold change in 
relation to the expression of the reference (housekeeping) gene.  
 
Metabolic activity of biofilms 
Acrylic and titanium materials coated with the different pellicles (n=9, in each 
group) were used to develop biofilms for 1.5 h, 24 h, 48 h and 72 h. Biofilms were 
analysed with regards to metabolic activity by XTT reduction assay.32 Intact biofilms were 
transferred to new 24-well plates containing 1580 µL of PBS enriched with 200 mM 
glucose, 400 µL of XTT solution (1 mg/mL, in ultra-purified water), and 20 µL of 
menadione (0.4 mM in acetone). The plates were incubated for 3 h in the dark, at 35ºC, 
under rotation (75 rpm). Materials were removed and the well contents collected and 
centrifuged (6,000 g, 5 min). Absorbance of supernatants at 490nm was measured using a 
spectrophotometer (DU 800, Beckman Coulter, Inc., Brea, CA, USA). The colorimetric 
change was directly proportional to the metabolic activity of biofilms. 
 
Structure of biofilms 
The structure of in situ biofilms (n=3) was determined by SEM. Biofilms were 
fixed with Karnovsky solution (4% paraformaldehyde and 2 % glutaraldehyde in 0.1 M 
Sorensen buffer pH 7.3) for at least 24 h. Biofilms were dehydrated in increasing ethanol 
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concentration (50%, 60%, 70%, 80%, 90% and 100%) washes for 5 min each. The 
specimens were dried in a desiccator and gold sputtered coated before imaging by SEM 
(JSM 5600LV, JEOL, Tokyo, Japan). Images were taken under high vacuum mode (15 Kv) 
and  ×1000 magnification. 
 
Statistical analysis 
Statistical analysis was performed using SigmaPlot v. 11.3 (Systat Software 
Inc., London, UK) at 5% significance. The assumptions of equality of variances and normal 
distribution of errors were evaluated for each variable. The number of viable cells data was 
not normally distributed and then logarithmically transformed. 
Statistical comparison between the SR of acrylic and titanium surfaces were 
made by independent t test. Comparison of SFE components (Polar Component, Polar(+), 
Polar(-), Dispersive and Total SFE) were made using two-way analysis of variance 
(ANOVA 2-way). The substratum type (acrylic or titanium) and the presence of pellicle 
(saliva, or saliva with plasma, or uncoated) were considered as study factors. Tukey 
Honestly Significant Difference (HSD) test was used to show differences within the 
presence of pellicle 
With regards to the response variables of biofilm analyses (viable cell number, 
DNA concentration, metabolic activity and gene expression), statistical comparisons were 
made using three-way analysis of variance (ANOVA 3-way). In such situations, the 
substratum type (acrylic or titanium), the pellicle type (saliva or saliva with plasma) and the 
time of evaluation (1.5 h, 24 h, 48 h, or 72 h) were considered as study factors. Tukey 





The average SR regarded as difference among peaks (Sa) did not differ 
significantly (p>0.05) between acrylic and titanium (Table 2). However, analysis of average 
SR regarded as differences between peaks and valleys (Sz) has shown significant 
(p<0.05) differences between the materials. The additional surface area provided by 
texture (Sdr) was significantly (p<0.05) higher for acrylic. Furthermore, titanium had a 
significantly lower Ssk (p<0.05), which corresponded with a higher number of valleys.  
 
Table 2. Surface roughness (SR) parameters of acrylic (PMMA) and titanium discs evaluated by 3D 
profilometry. 
 Sa (µm) Sz (µm) Sdr (%) Sds (1/µm²) Ssk 
Acrylic 0.28 ± 0.05 A 4.22 ± 0.65 A 6.29 ± 1.99 A 0.12 ± 0.03 A -0.61 ± 0.12 A 
Titanium 0.29 ± 0.02 A 5.26  ± 0.51 B 3.36 ± 1.15 B 0.08 ± 0.04 A -2.21  ± 0.03 B 
Sa: Average SR among peaks; Sz: Average SR between peaks and valleys; Sdr: Percentage of additional surface area 
provided by the texture of surface; Sds: Number of peaks per area; Ssk: Ration between peaks and valleys.  





















Fig. 1 – Representative microscopy of acrylic (PMMA) and titanium surface topography evaluated 
by white light 3D profilometry. Note the presence of polishing artifacts on acrylic surface, whilst 
titanium has numerous small grooves. 
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Representative images of the topography of acrylic and titanium revealed 
homogeneity for both surface types as defined by the polishing techniques used (Fig. 1). 
Higher number of scratches was observed on acrylic surfaces, whilst titanium exhibited 
minor groves of different sizes. 
The total SFE of acrylic and titanium only differed (p<0.05) when the specimens 
were devoid of pellicles (Table 3). Pre-coating acrylic and titanium with saliva, or saliva 
with plasma, produced equivalent SFE for both materials (p>0.05). Compared to uncoated 
materials, saliva pre-coating decreased total SFE of acrylic, whilst increased total SFE of 
titanium, leading to no differences in these parameters for the materials. The same 
equalisation effect was also evident in specimens with saliva containing plasma pellicle. 
Compared to other groups, the saliva with plasma pellicle had significantly (p<0.05) higher 
total SFE and greater polar component with negative charge. 
 
Table 3. Surface Free Energy (SFE) parameters of acrylic (PMMA) and titanium discs. Specimens 
were evaluated without pellicle, or after pellicle formation in the presence of saliva, or saliva with 
plasma. 
SFE Components 
Without pellicle A Saliva B Saliva with Plasma C  
Acrylic Titanium Acrylic Titanium Acrylic Titanium 
Polar Component 6.1 ± 0.9a 2.9 ± 1.4b 2.9 ± 1.3a 1.3 ± 1.4a 12.4 ± 2.3a 13.6 ± 1.3a 
Polar(+) 0.8 ± 0.2a 0.1 ± 0.1b 1.9 ± 0.6a 1.4 ± 0.3a 2.1 ± 0.2a 3.4 ± 0.3a 
Polar(-) 11.8 ± 2.3a 21.3 ± 0.9b 13.8 ± 1.4a 21.3 ± 4.6b 22.5 ± 2.7a 33.9 ± 1.9b 
Dispersive 30.5 ± 2.3a 25.1 ± 1.9b 28.9 ± 2.1a 32.3 ± 1.5a 31.5 ± 3.5a 32.3 ± 3.4a 
Total SFE 36.6 ± 2.5a 28.0 ± 1.8b 31.8 ± 1.4a 33.6 ± 2.1a 43.9 ± 2.2a 45.9 ± 2.9a 
Different uppercase letters (top row) show differences among the SFE of specimens with different coatings. Different 
lowercase letters show differences among the SFE components of acrylic and titanium specimens, within different coatings. 
 
The number of viable microorganisms (Fig. 2A) increased significantly (p<0.05) 
with incubation time. Biofilm cell number was highest between 48 h and 72 h, when 
differences between the numbers of viable microorganisms were not significant. For each 
period of evaluation, biofilm growth was not affected by the substratum type, or by pellicle 
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composition. A similar slope profile along the stages of development was observed for 
DNA quantification (Fig. 2B). The maximum concentration of DNA was reached after 48 h, 
when biofilm cells were highest, although the DNA concentration did not change 
significantly for 24 h, 48 h and 72 h samples nor in relation to the material or coating 
pellicle. Biofilm metabolic activity (Fig. 2C) increased with time, being maximal after 48 h 
incubation and this was significantly (p<0.05) higher compared with the initial adhesion 
phase (1.5 h). Acrylic and titanium biofilms developed in the presence of saliva, or saliva 
with plasma, did not differ in metabolic activity at 1.5 h and 24 h. However, at 48 h and 72 
h time points, biofilms developed over saliva with plasma-coated materials had 
significantly (p<0.05) higher metabolic activity, compared to those grown on saliva-coated 
specimens. Additionally, biofilms developed in the presence of saliva pellicle exhibited a 
decrease in their metabolic activity at 72 h. 
Expression of C. albicans putative virulence genes varied with incubation 
period for all genes (Fig. 3). ALS1 expression was up regulated with time for biofilms 
developed on both acrylic and titanium with saliva, or saliva with plasma pellicles (Fig. 3A). 
However, biofilms developed on saliva with plasma pellicles, exhibited significantly higher 
expression of ALS1 at all periods of evaluation. Expression of ALS3 was similar for all 
samples at 1.5 h (Fig. 3B). However, after 24 h, biofilms developed on saliva pellicles had 
significantly lower ALS3 expression, whilst biofilms grown in the presence of saliva with 
plasma, maintained ALS3 expression until 72 h. ALS3 expression on acrylic and titanium 
biofilms did not differ significantly for the same pellicle types. HWP1 expression did not 
change for materials with the same pellicle type (Fig 3C). However, biofilms grown on 
saliva with plasma pellicles had statistically higher HWP1 expression at 1.5 h and 24 h. 
Also, expression of HWP1 was progressively down regulated for all periods of evaluation, 
and was similar for all evaluated groups at both 48 h and 72 h. 
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Fig. 2 – Viability and bioactivity of C. albicans biofilms formed on Acrylic and titanium surfaces pre-
coated with saliva or saliva with plasma. Biofilms (n=9, for each group) were formed for 1.5 h, 24 h, 
48 h and 72 h. Panel A shows the number of viable microorganisms (log10 UFC/mL); Panel B shows 
the DNA concentration (log10 ηg/mL) and Panel C presents the metabolic activity measured by XTT 
assay (490 ηm).  
Different letters for the time points indicate statistically significant differences between periods of 
evaluation (p<0.05). * Indicate statistically significant differences between saliva and saliva with 
plasma-coated specimens (p<0,05). 
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Fig. 3 - Relative gene expression of C. albicans agglutinin-like sequence (ALS1 and ALS3) and 
hyphal wall protein 1 (HWP1) genes, measured in biofilms formed on acrylic and titanium pre-
coated with saliva or saliva with plasma. Panels A, B and C, respectively, illustrate the relative gene 
expression of ALS1, ALS3 and HWP1, in acrylic and titanium biofilms developed in the presence of 
saliva, or saliva with plasma, for 1.5 h, 24 h, 48 h and 72 h. C. albicans reference gene (ACT1) was 
used for data normalisation. Results correspond to the fold change relative to the reference gene’s 
(ACT1) constitutive expression. 
Different letters for the time points indicate statistically significant differences between periods of 
evaluation (p<0.05). * Indicates statistically significant differences between saliva and saliva with 
plasma coated specimens, within each gene expression evaluation (p<0,05). 
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SEM of biofilms on acrylic (Figs. 4 and 5) and titanium (Figs. 6 and 7) showed 
that biofilm cell densities increased significantly with time, as seen by the few cells 
attached at 1.5 h and the dense biofilm structure observed at 72 h. A more condensed 
biofilm developed in the presence of saliva after 72 h. Biofilms developed over saliva-
coated materials (Figs. 4 and 6) were comprised predominately of yeast forms of C. 
albicans, with few pseudohyphae evident at 1.5 h. Biofilms developed over saliva with 
plasma pre-coated specimens (Figs. 5 and 7) appeared less compact with numerous 
pseudohyphae and hyphae at all periods of evaluation. 
 
 
Fig. 4 – SEM of C. albicans biofilms formed on acrylic surfaces pre-coated with saliva. Biofilms were 






Fig. 5 – SEM images of C. albicans biofilms formed on acrylic surfaces pre-coated with saliva with 
plasma. Biofilms were imaged at 1.5 h, 24 h, 48 h and 72 h of development. White arrows indicates 




Fig. 6 – SEM images of C. albicans biofilms formed on titanium surfaces pre-coated with saliva. 






Fig. 7 – SEM images of C. albicans biofilms formed on titanium surfaces pre-coated with saliva and 
plasma. Biofilms were imaged at 1.5 h, 24 h, 48 h and 72 h of development. White arrows indicate 
the presence of hyphae, which were more prevalent in the presence of saliva with plasma pellicle. 
 
Discussion 
Previous studies have shown that surface properties of biomaterials have a 
significant role in development of biofilms.20,33 Perhaps this is best exemplified by research 
that demonstrates increased microbial colonisation over rougher surfaces.7,20,33 In the 
present study, however, both evaluated materials had similar SR parameters. Acrylic did 
have more scratches and increased surface texture due to polishing procedures. However, 
these features did not significantly differentiate it from titanium with regards to biofilm 
accumulation. 
Research of SFE effects on biofilm development has resulted in contradictory 
reports.19,20,34 A study has shown that SFE does not influence biofilm development,34 whilst 
other research has reported that increased SFE can lead to both higher and lower biofilm 
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accumulation.7,19,20,33,35 However, the SFE changes reported in these previous studies 
were most likely related to different pellicle types on the biomaterial surfaces. In the 
present study, pellicles comprised of saliva with plasma, increased the SFE and the 
negative charge of both acrylic and titanium specimens, resulting in equivalency between 
these materials within the same parameters. 
Generally, saliva pellicles on biomaterials increase the SFE with subsequent 
reduction in the number of adherent cells.7,16,19,20,35 Whilst the absence of saliva appears to 
increase the number of attached cells,7,35,36 this scenario is not representative of the in vivo 
situation. The composition of the salivary pellicle also influences the adherence of 
microorganisms.9,33 In the present study, however, pellicles of saliva-only or saliva with 
plasma did not affect Candida cell number or total DNA concentration. However, the 
presence of plasma increased the metabolic activity and expression of C. albicans 
virulence factors within biofilms on both acrylic and titanium. 
In this study, the content of pellicles on the acrylic or titanium was not actually 
determined. However, previous studies performed by our research group have 
demonstrated that blood plasma-only pellicles formed on titanium are rich in fibronectin, 
serum albumin, apolipoprotein-AI and fibrinogen.23 In turn, within the same material, 
saliva-only pellicles consisted primarily of alpha-amylase 1, cystatinS, cystatin-SA and 
mucin 5AC oligomeric mucus/gel-forming.37 With regards to acrylic surfaces, saliva-only 
pellicles were rich in α-amylase 1, cystatin-SN, cystatin-S and prolactin-inducible protein.16 
Saliva with plasma pellicles on the same substratum (acrylic) was however, composed of 
isoform 1 of albumin (most abundant) and fibrinogen.16 Therefore, we consider that blood 
plasma makes a significant contribution to the composition of saliva with plasma pellicles, 
as seen by the incorporation of serum albumin and fibrinogen proteins.16,23,38  
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The results of this present study suggest that proteins present in blood plasma 
pellicle, as serum albumin and fibrinogen, may have a significant effect on stimulating both 
the metabolic activity and expression of C. albicans virulence genes. Previous studies 
have shown that C. albicans has affinity to fibrinogen and other coagulative proteins, which 
may protect Candida from phagocytosis during blood-stream infection.39,40 Serum albumin 
proteins have been shown to increase C. albicans adherence to substrates and promote 
hyphal development.18,38,41 The increase of negative surface charges may also have a 
effect on the accumulation and virulence of biofilms.16,19,34 
Furthermore, serum albumin proteins increase sterol uptake through ATP-
binding cassette (ABC) transporters.42 This phenomenon interferes with the respiratory 
chain, allowing Candida to utilise exogenous sterol under anaerobic conditions.42,43 Also, 
cholesterol uptake may serve as a protective measure against ergosterol-specific 
antifungals.42,44 Therefore, incorporation of both fibrinogen and albumin into the salivary 
pellicle has the potential to significantly increase the virulence of C. albicans biofilms. 
Total metabolic activity is generally directly proportional to the number of viable 
cells32,36,45,46 and this was evident in the present study. However, when the number of 
microorganisms reached a constant (after 48 h and 72 h) for the groups, higher metabolic 
activity was still evident for biofilms developed over specimens coated with pellicles of 
saliva with plasma. The effect may, again, be due to serum albumin within pellicle, which 
might induce higher respiratory activity.42,43 Biofilms developed on saliva-coated 
specimens, maintained constant metabolic activity between 24 h and 48 h, which then 
reduced at 72 h. These results confirm those of previous studies involving biofilms grown 
over similar periods in vitro.45,46 
The plasma-supplemented salivary pellicle not only promoted metabolic 
activity, but also overall biofilm maturation. ALS1 gene expression is directly related to C. 
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albicans biofilm maturation47 and the expression of this gene increased in biofilms grown in 
saliva with plasma. The increased expression was likely responsible for more rapid and 
enhanced biofilm development. As ALS1 has been associated with different C. albicans 
adhesion strategies,48,49 its up regulation may confer a more adherent biofilm, which is, in 
turn, an important virulence factor of C. albicans.  
ALS3 and HWP1 genes were also up regulated in biofilms developed on saliva 
with plasma coated materials. These genes translate hyphal-specific proteins, which are 
directly involved with C. albicans filamentation and hyphal adherence.18,47-50 Up regulation 
of ALS3 and HWP1 may be associated with the serum albumin and higher protein content 
present in saliva with plasma pellicles.18,38,41,50 These proteins can directly up regulate 
expression of putative virulence genes, or induce an associated environmental condition 
that promotes C. albicans virulence.2,18,38.  
Although biofilms grown on saliva-only pellicles exhibited decreased ALS3 
expression with time, biofilms on saliva with plasma coated materials maintained constant 
ALS3 expression with up regulation of HWP1 expression for a longer period. This notably 
contributed to a more extensive biofilm with increased hyphal production, as confirmed by 
SEM. Deletion of the C. albicans ALS3 gene has been found to reduce candidal 
filamentation in biofilms,47 with subsequent lower epithelial cell adhesion, reduced tissue 
damage and cytokine production.49 Although HWP1 deletion has been shown not to 
interfere with biofilm accumulation, mutant samples exhibit reduced pathogenesis and 
increased fungal membrane defects.50  
SEM revealed hyphal development during initial stages of biofilm formation, for 
both materials and pellicles types. This coincided with higher expression of ALS3 and 
HWP1 at 1.5 h. Also, SEM confirmed increased hyphal production in biofilms developed in 
the presence of saliva with plasma, with occurrence of hyphae at all time points. 
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Expression of ALS3 and HWP1, therefore, represent relevant indicators of C. albicans 
virulence. 
The results of present study show that salivary pellicles contribute to the 
equalisation of surface charges of different materials. The results also confirm that pellicles 
of saliva containing plasma promote virulence of C. albicans biofilms, by inducing hyphal 
proliferation with associated up regulation of ALS3 and HWP1. Collectively, these results 
are important towards our understanding of how saliva and blood plasma proteins 
influence biofilms on different biomaterials. The management of biofilm-associated 
infections in chronic inflammation should not only involve antimicrobial treatment, but could 
also aim to reduce tissue inflammation responses. This could diminish the virulence of 
biofilms and aid management of Candida-associated infections. 
 
Conclusion 
Saliva only and saliva with plasma pellicles on acrylic and titanium surfaces 
contributed to the equalisation of surface charges. Increased SFE and increased negative 
charges were observed for saliva with plasma pellicles. This pellicle also promoted higher 
metabolic activity and up regulation of C. albicans putative virulence genes. Although more 
significant effects of saliva with plasma proteins were observed within 24 h, activation of C. 
albicans virulence persisted for longer periods of biofilm development. Therefore, the 
management of biofilm-associated chronic inflammation should consider the role of blood 
plasma proteins in triggering more virulent infections. 
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Virulence and pathogenicity of Candida albicans is enhanced in biofilms containing 
oral bacteria 
Running title: Enhancement of Candida albicans biofilm virulence by bacteria 
 
Abstract 
This study examined bacterial influence on virulence and pathogenicity of candidal 
biofilms. Mature biofilms (C. albicans-only, bacteria-only, C. albicans with bacteria) 
were generated on acrylic and either analysed directly, or used to infect a 
Reconstituted Human Oral Epithelium (RHOE). Analyses included Candida hyphae 
enumeration and assessment of Candida virulence gene expression. Lactate 
dehydrogenase (LDH) activity and Candida tissue invasion following biofilm 
infection of the RHOE was also measured. Candida hyphae were more prevalent 
(p<0.05) in acrylic biofilms also containing bacteria, with genes encoding secreted 
aspartyl-proteinases (SAP4/SAP6) and hyphal-wall protein (HWP1) also up-
regulated (p<0.05). Candida adhesin genes (ALS3/EPA1), SAP6 and HWP1 were 
up-regulated in mixed-species biofilm infections of RHOE. Multi-species infections 
exhibited higher hyphal proportions (p<0.05), up-regulation of IL-18, higher LDH 
activity and tissue invasion. As bacterial presence in acrylic biofilms promoted 
Candida virulence consideration of the bacterial component should be made when 
managing denture biofilm associated candidoses. 





The fungal genus Candida contains over 150 species, several of which are 
frequent commensal colonisers of humans. Most often, commensal carriage of Candida 
occurs at moist mucosal surfaces, such as those of the oral cavity and vagina (Peleg et al. 
2010; Gow et al. 2011).  Candida albicans is the species most frequently encountered, 
growing as yeast, pseudohyphal or hyphal forms. In cases where there is host debilitation, 
or where there is a change in the local environment promoting Candida overgrowth, 
infection (referred to as candidosis) may follow (Peleg et al. 2010; Gow et al. 2011). 
Candidoses are the most prevalent human fungal infections, and whilst systemic infection 
can occur, most manifest superficially on the oral and vaginal mucosa (Peleg et al. 2010; 
Gow et al. 2011). 
There are several putative C. albicans virulence factors, including secreted 
aspartyl proteinases (SAPs), phospholipases, expression of surface adhesins and the 
ability to grow as hyphae (Gow et al. 2011).  Hyphal growth protects C. albicans from 
phagocytosis and promotes invasion of host epithelial surfaces. Candida are also adept at 
growing as biofilms on oral surfaces including those of the oral mucosa and prosthetic 
biomaterials, and these biofilms are resistant to removal by the action of salivary flow and 
host defence molecules. 
Candida-associated denture stomatitis is the most prevalent form of oral 
candidosis, occurring in over 65% of denture wearers (Williams et al. 2011). The infection 
occurs after the formation of biofilms on poorly cleansed, denture acrylic surfaces (Pereira-
Cenci et al. 2010; Williams et al. 2011; Williams & Lewis 2011; Teles et al. 2012). Denture 
stomatitis presents as areas of erythema on the palatal mucosa overlying the denture. 
Candida biofilms serve as reservoirs of infectious agents, largely protected from host 
removal mechanisms (Williams et al. 2011; Williams & Lewis 2011). This protected 
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environment for denture biofilms arises from poor salivary flow over the upper denture 
surface and the nature of the non-shedding acrylic material leading to colonising 
organisms not being removed by sloughing action, which would occur with epithelial 
surfaces. 
Although most attention in denture stomatitis has been given to the Candida 
component of the biofilm, and particularly to C. albicans, bacteria also co-exist with 
Candida within denture biofilms (Morales & Hogan 2010; Pereira-Cenci et al. 2010; Peleg 
et al. 2010; Teles et al. 2012; Xu et al. 2014). However, the role of bacteria in denture 
stomatitis remains uncertain and has received little attention. The fact that bacteria will 
undoubtedly alter the local environment, as well as modulate host immune responses 
towards Candida (Morales & Hogan 2010; Peleg et al. 2010), suggests their presence 
could both directly and indirectly effect progression of denture stomatitis. Evidence exists 
for bacterial influence in other forms of oral candidosis, most notably in acute 
erythematous candidosis, where receipt of broad-spectrum antibiotic therapy is a known 
risk factor (Morales & Hogan 2010; Peleg et al. 2010; Williams & Lewis 2011). 
Bacteria could be directly involved in the infection, or could modulate 
pathogenicity of Candida. Indeed, Streptococcus gordonii has recently been found to 
trigger virulence attributes of Candida (Bamford et al. 2009; Shirtliff et al. 2009; Diaz et al., 
2012; Ricker et al. 2014), and other streptococci could act similarly (Xu et al. 2014). It is 
also known that receipt of broad-spectrum antibiotics predisposes to oral candidosis, and 
whilst this may be due to reduced microbial competition allowing Candida proliferation 
(Juárez et al. 2011; Purschke et al. 2012), it may also relate to changes in immune 
responses by the host as a result of a reduced bacterial load. 
Candida-host interactions have been investigated using different model 
systems (Green et al. 2004; Negri et al. 2011; Xu et al. 2014). A commercially available 
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reconstituted human oral epithelium (RHOE; SkinEthic Laboratories, Nice, France) 
represents a reproducible and standardised tissue suitable for modelling the interaction 
between Candida and epithelial cells (Yadev et al. 2011; Silva et al., 2011). However, the 
RHOE has not previously been used to model mature biofilm interactions. 
The aim of this present study was to examine the effect of a bacterial 
component on the virulence and pathogenicity of Candida biofilms. In addition, the study 
assessed epithelial cell responses to the different biofilm compositions. The intention was 
to gain insight into the importance of bacteria within Candida biofilm-mediated infections, 
such as denture stomatitis. 
 
Material and Methods 
Microorganisms and culture preparation 
Candida albicans (ATCC 90028), Streptococcus mutans (ATCC 25175), 
Streptococcus sanguinis (ATCC 10556), Actinomyces viscosus (ATCC 15987) and 
Actinomyces odontolyticus (NCTC 9935) were used to develop acrylic biofilms. Candida 
albicans was maintained on Sabouraud’s Dextrose Agar (SDA; Oxoid, Hampshire, UK) 
and bacterial species were cultured on Blood Agar (BA) (blood agar base; Oxoid) 
supplemented with 5% (v/v) defibrinated horse blood (TCS Biosciences, Buckingham, UK). 
Isolates were subcultured in Brain Heart Infusion liquid medium (BHI; Oxoid) for 24 h at 
37°C. Candida albicans, S. mutans and S. sanguinis were cultured aerobically, whilst A. 
viscosus and A. odontolyticus were cultured anaerobically. 
Microbial cells were harvested by centrifugation (3000×g for 5 min) and 
resulting cell pellets washed (×2) in Phosphate Buffered Saline (PBS; pH 7.0). Cell pellets 
were resuspended in Dulbecco’s Modified Eagle Medium (DMEM; Life Technologies, 
Paisley, UK) supplemented with 10% (v/v) Foetal Bovine Serum (FBS; Life Technologies) 
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and 50 mM glucose. The cell density was adjusted to an optical density of 1.0 at 600nm 
using a spectrophotometer (DiluPhotometer™; Implen, Westlake Village, USA). To 
produce inocula for acrylic biofilms, a 200-fold dilution of each standardised suspension 
was prepared in sterile culture medium (DMEM supplemented with 10% (v/v) FBS). The 
concentration of microorganisms in each inoculum corresponded to ~1×105 colony forming 
units (CFU) ml-1 of C. albicans and ~1 × 107 CFU ml-1 of bacteria. 
 
Preparation of acrylic coupons for biofilm development 
Heat-polymerised acrylic resin (QC-20; Dentsply Int Inc., Weybridge, UK) was 
prepared according to the manufacturer’s instructions and fabricated into disc-shaped (10 
mm diameter, 2 mm thickness) coupons. Acrylic coupons were finished using a horizontal 
polisher (model APL-4; Arotec, São Paulo, Brazil) with progressively finer aluminium oxide 
papers (320-, 400-, and 600-grit). 
The surface roughness was standardised to 0.30 ± 0.02 µm. Prior to use, 
acrylic coupons were ultrasonically cleaned with 70% (v/v) alcohol and sterile ultra-purified 
water (20 min) to remove surface debris. The coupons were immersed in sodium 
hypochlorite solution (2000 mg l-1) for 5 min and then thoroughly rinsed with sterile water. 
Coupons were maintained in sterile distilled water until use. Acrylic coupons were then 
immersed in artificial saliva (2.5 g l-1 mucin, 0.25 g l-1 sodium chloride, 0.2 g l-1 potassium 
chloride, 0.2 g l-1 calcium chloride, 2.0 g l-1 yeast extract, 5.0 g l-1 protease peptone and 
1.25 ml l-1 of 40% urea) overnight at 37°C under gentle agitation (75 rev/min).  
 
Development of in vitro acrylic biofilms 
Generated biofilms consisted of C. albicans (single species biofilms), C. 
albicans with the 4 different bacterial species (mixed-species biofilms), and bacteria-only 
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biofilms. To produce these biofilms, acrylic coupons were placed in the wells of a 24-well 
plate and overlaid with 2 ml of microbial inocula. After an initial adherence period of 2 h, 
the culture medium was removed and 2 ml of fresh culture medium (DMEM supplemented 
with 10% (v/v) FBS and 50 mM glucose) added to each well. The coupons were then 
incubated aerobically for 72 h at 37°C in an orbital shaker incubator (75 rev/min). The 
culture medium was changed every 24 h to maintain biofilm growth. 
After 72 h, acrylic biofilms were collected for analysis, or used to overlay 
specimens of RHOE (SkinEthic Laboratories, Nice, France). Analysis of acrylic biofilms 
(n=12) was performed in three independent experiments, using 4 samples per group on 
each occasion. 
 
Biofilm infection of reconstituted human oral epithelium (RHOE) 
Commercially available RHOE was used in combination with the acrylic 
biofilms to produce an in vitro model of denture stomatitis. The RHOE provided the contact 
epithelium for previously developed single (C. albicans), mixed-species (C. albicans and 
bacteria) and bacteria-only acrylic biofilms. Acrylic without biofilm served as non-infected 
controls.  
Acrylic, with or without biofilm, was overlaid on the surface of RHOE (n=6) and 
incubated for 12 h at 37°C, in a 5% (v/v) CO2 atmosphere, under saturated humidity. After 
incubation, the acrylic was removed and the tissues bisected. Total RNA was extracted 
from one half of the tissue, with the remainder processed for histological analysis. Culture 
media (Maintenance Medium without antibiotics, SkinEthic Laboratories) was also retained 
and used to measure lactate dehydrogenase (LDH) activity originating from the RHOE. 
Analysis of RHOE (n=6) was performed on two independent occasions, using three 
samples per group.  
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Analysis of acrylic biofilms  
Prior to undertaking experiments with RHOE, initial studies directly examined 
biofilms developed on the acrylic coupons. Biofilms generated over 72 h were recovered 
from acrylic surfaces (n=12) by vigorous vortex mixing for 60 s. Biofilm cells were pelleted 
by centrifugation and then resuspended in 1 ml of PBS. Serial decimal dilutions of the 
suspensions were cultured on SDA and BA using a drop-counting technique. SDA and BA 
plates were incubated aerobically at 37°C for 24 h and 48 h, respectively, and resulting 
CFU ml-1 determined. 
An 800-µl volume of the biofilm resuspension was also centrifuged and the cell 
pellet suspended in RNALater (Life Technologies) and stored at -20°C prior to RNA 
extraction and qPCR analysis.  
In situ biofilms on acrylic coupons (n=6 for each group, analysed on two 
independent occasions) were also examined by confocal laser-scanning microscopy 
(CLSM), using a Leica TCS SP2 AOBS spectral confocal microscope (Leica Microsystems 
GmbH, Wetzlar, Germany). CLSM was used to assess quantity and viability of biofilms, as 
well as the proportion of C. albicans hyphae. Biofilms were stained with 10 µl of SYTO-9 
(25 µM; Molecular Probes, Paisley, UK) to assess cell viability, and 10 µl of concanavalin-
A conjugated with Alexa Fluor® 594 (25 µM; Molecular Probes) to detect Candida.  
Representative images (125 µm × 125 µm) of both dye-channels, SYTO-9 
(green) and concanavalin-A (red), were obtained from a minimum of five different fields of 
view for each of three replicate specimens in two independent experiments. Images were 
analysed using ImageJ 1.46r (Wayne Rasband, National Institute of Health, USA). The red 
channel, representative of C. albicans, was used to quantify yeast and hyphae. The green 
channel was used to ascertain cell viability within the biofilms. Images were first adjusted 
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using the function of threshold intensity and C. albicans yeast and hyphal forms separately 
quantified using the ‘Analyze Particles’ tool of the software.  
 
RNA extraction and synthesis of cDNA for qPCR 
RNA was extracted from both acrylic biofilms (n=12) and the RHOE (n=6) that 
had been overlaid with acrylic biofilms and controls. Extraction of total RNA involved initial 
resuspension of cells from biofilms and/or RHOE in lysis buffer (RLT Buffer, QIAGEN, 
Crawley, UK) containing 1% (v/v) β-mercaptoethanol. Cells were disrupted by high-speed 
homogenisation with glass beads in a Mini-Bead-Beater-8 (Stratech Scientific, Soham, 
UK). Total nucleic acid was obtained after separation with phenol:chloroform:isoamyl 
alcohol (25:24:1) (Sigma-Aldrich, Poole, UK) and total RNA was recovered after DNAse I 
(QIAGEN) treatment using the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s 
instructions. The integrity and purity of total RNA was assessed by gel electrophoresis, 
and total RNA concentration was spectrophotometrically determined by measuring 
absorbance ratio at 260/280nm (NanoVue, GE healthcare, Little Chalfont, UK) and 
standardised to 200 ng ml-1.  
Reverse transcription reactions for cDNA synthesis included 5 µl of total RNA 
(200 ng µl-1) template, 1 µl of 10 mM dNTPs, 1 µl of 50 µg ml-1 random primers, 1 µl of 25 
U µl-1 RNasin RNase inhibitor, 5 µl of M-MLV reaction buffer (5×) and 1 µl of 200 U µl-1 M-
MLV (Promega, Southampton, UK). Molecular grade water was added to give a final 
reaction volume of 25 µl. The reaction mix was incubated at 70°C for 5 min, followed by 





qPCR analysis of acrylic biofilms and infected RHOE 
Primers used in qPCR analysis are presented in Table 1 and designed from 
full-length gene sequences obtained from the nucleotide platform in PubMed using 
Primer3 software (Koressaar & Remm 2007; Untergasser et al. 2012). The specificity of 
each primer was confirmed using primer-BLAST (Ye et al. 2012), which compared the 
respective sequences with databases of C. albicans and human genomes. In addition, 
primer specificity for qPCR was confirmed in preliminary studies involving extracted 
genomic DNA. Targeted putative virulence genes of C. albicans were ALS1 and ALS3 
(agglutinin-like sequence), EPA1 (epithelial adhesin), SAP4 and SAP6 (secreted aspartyl 
proteinases), HWP1 (hyphae wall protein) and PLD1 (phospholipase D). In the case of 
RHOE, expression of genes encoding IL-18 (an interleukin) and Dectin-1 (a Candida 
receptor) was determined. ACT1 and β-actin served as reference genes for C. albicans 
and human cells, respectively.  
Triplicate qPCRs were performed in 96-well plates in an ABI Prism 7000 
instrument (Life Technologies). Each 20-µl reaction comprised 2 µl of cDNA, 10 µl (×2) of 
SYBR-Green PCR Master Mix (Precision Master Mix; Primer Design, Southampton, UK), 1 
µl of each primer (10 mM), and 6 µl of molecular biology grade water. The thermal cycle 
profile comprised of initial denaturation at 95°C for 2 min, followed by 40 cycles of 
denaturation at 95°C for 15 s, primer annealing at 58°C for 30 s and primer extension at 
72°C for 30 s. A final extension at 72°C for 2 min was performed, followed by cooling at 
4°C. A dissociation stage at 60°C was used to generate a melting curve for verification of 
amplified product.  
After qPCR, the threshold was adjusted according to the amplification curves of all 
evaluated genes. Comparison between groups was made based on cycle number at which 
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both the target and reference genes reached threshold cycle (Ct) fluorescence. Analysis of 
relative gene expression was achieved according to the ΔΔCt method (Bustin et al. 2009). 
 
Table 1 – Forward (FW) and reverse (RV) primers used for qPCR 
Target gene Sequence (5’ ! 3’) 
ACT1 – C. albicans actin –  
Housekeeping Gene (C. albicans) 
FW – TGCTGAACGTATGCAAAAGG 
RV – TGAACAATGGATGGACCAGA 
ALS1 – Agglutinin-Like Sequence 
(C. albicans) 
FW – CCCAACTTGGAATGCTGTTT 
RV – TTTCAAAGCGTCGTTCACAG 
ALS3 – Agglutinin-Like Sequence 
(C. albicans) 
FW – CTGGACCACCAGGAAACACT 
RV – GGTGGAGCGGTGACAGTAGT 
EPA1 – Epithelial Adhesin 
(C. albicans) 
FW – ATGTGGCTCTGGGTTTTACG 
RV – TGGTCCGTATGGGCTAGGTA 
SAP4 – Secreted Aspartyl Proteinase 
(C. albicans) 
FW – GTCAATGTCAACGCTGGTGTCC 
RV - ATTCCGAAGCAGGAACGGTGTCC 
SAP6 – Secreted Aspartyl Proteinase 
(C. albicans) 
FW – AAAATGGCGTGGTGACAGAGGT 
RV - CGTTGGCTTGGAAACCAATACC 
HWP1 – Hyphae Wall Protein 
(C. albicans) 
FW – TCTACTGCTCCAGCCACTGA 
RV – CCAGCAGGAATTGTTTCCAT 
PLD1 – Phospholipase D 
(C. albicans) 
FW - GCCAAGAGAGCAAGGGTTAGCA 
RV - CGGATTCGTCATCCATTTCTCC 
β-actin – Human β-actin – 
Housekeeping Gene (human cells) 
FW – GAGCACAGAGCCTCGCCTTTGCCGAT 
RV - ATCCTTCTGACCCATGCCCACCATCACG 
IL-18 – Interleukin 18 
(human cells) 
FW – CCTTCCAGATCGCTTCCTCTCGCAACAA 
RV – CAAGCTTGCCAAAGTAATCTGATTCCAGGT 
Dectin1 – Cellular membrane receptor 
(human cells) 
FW – ACAGCAATGAGGCGCCAAGGAGGAGATG 
RV – GGAGCAGAAAGAAAAGAGCTCCCAAATGCT 
 
Lactate dehydrogenase (LDH) activity in culture medium of infected RHOE 
LDH activity was measured in RHOE culture media (n=6, for each group) using 
an LDH Cytotoxicity Assay kit as recommended by the manufacturer (Thermo Fisher 
Scientific, Cramlington, UK). Experiments were performed in triplicate, with control 
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samples for normalisation purposes. The LDH activity of RHOE infected with biofilms was 
compared to uninfected controls.  
 
Histological assessment of damage and candidal invasion of infected RHOE  
RHOE damage and invasion of the epithelium by C. albicans was determined 
by light microscopy and CLSM. RHOE for histological analysis was initially fixed in 10% 
(v/v) neutral buffered formalin (Leica Biosystems, Newcastle, UK) for 48 h. Tissues were 
dehydrated through an increasing alcohol concentration series and then infiltrated with 
paraffin wax. Sections (20 µm) were placed on microscope slides and de-waxed in xylene, 
with subsequent rehydration using water. Selected sections for light microscopy were 
stained using the Periodic Acid-Schiff (PAS) technique.  
For fluorescence in situ hybridisation (FISH) and CLSM analysis, sections were 
treated with 10 mg ml-1 lysozyme (30 min, 37°C) and incubated in 1× citrate buffer (pH 6.0, 
30 min, 55°C. Sigma-Aldrich). Sections were then exposed to fluorescent probes specific 
either for C. albicans, bacteria or epithelial cells at 55°C for 60 min. Candida were detected 
using the Yeast Traffic Light® PNA FISH® kit (AdvanDx, Vedbaek, Denmark) in 
combination with concanavalin-A conjugated with Alexa Fluor® 594 (1 µg µl-1; Life 
Technologies) (Malic et al. 2007). 
Bacteria were detected with a universal bacterial Cy3 labelled peptide nucleic 
acid (PNA) probe (Bac-Uni1CY3; 300 nM; probe sequence: CTGCCTCCCGTAGGA) 
specific for bacterial 16S rRNA (Malic et al. 2009). Epithelial cells were treated with a 20 
µg ml-1 pan-cytokeratin antibody (C11) (sc8018, Santa Cruz Biotechnology) followed by an 
Alexa Fluor® 488-labelled goat anti-Mouse IgG (H+L) antibody (5 µg µl-1; Life 
Technologies) plus a nucleic acid dye (Hoechst 33342; 1 µg µl-1) (trihydrochloride-
trihydrate; Life Technologies) (Malic et al. 2007). Tissue sections were mounted using 
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Vectashield (H-1000, Vector Laboratories, Peterborough, UK) fade-retarding mount. The 
CLSM parameters were as described earlier. 
 
Statistical analysis 
Statistical analysis was undertaken using SigmaPlot v. 11.3 (Systat Software 
Inc., London, UK) at 5% significance. The assumptions of equality of variances and normal 
distribution of errors were evaluated for each variable. When data was not normally 
distributed, the data were logarithmically transformed. Comparison between parameters 
(viable cells number, hyphae enumeration and gene expression) for single and mixed-
species biofilms, as well as candidal gene expression was by independent t-test (α<.05). 
LDH activity and epithelial cell gene expression were analysed by one-way ANOVA. Post-
hoc comparisons of one-way ANOVA tests were performed using Tukey’s Honestly 





Analysis of acrylic biofilms and infected RHOE  
Both C. albicans-only and mixed-species biofilms extensively colonised acrylic 
surfaces after 72 h growth (Fig. 1). The number of viable C. albicans in single-species 
biofilms (3.7 × 107 CFU ml-1) was not statistically different (p>0.05) from those in mixed-
species biofilms, where C. albicans appeared the predominant organism (1.6 × 108 CFU 
ml-1).  
 
Figure 1. Colony forming units (CFU) ml-1 in single-species (C. albicans only – n=12) and mixed-
species (S. mutans, S. sanguinis, A. viscosus, A. odontolyticus and C. albicans – n=12) biofilms. 
Bars show average and standard deviations within each group. 
 
CLSM (Fig. 2 and 3) confirmed the findings of culture and interestingly 
revealed higher proportions of hyphae in mixed-species acrylic biofilms compared with C. 
albicans-only biofilms. Significantly (p<0.01) higher hyphal proportions (Fig. 3) were seen 
in both mixed species biofilms colonising the acrylic (5.6%) and infecting RHOE (13.4%). 
Hyphal elements in the mixed-species biofilms also appeared more developed than those 




Figure 2. Representative CLSM images of single-species (C. albicans-only) biofilms (upper) and 
mixed-species (S. mutans, S. sanguinis, A. viscosus, A. odontolyticus and C. albicans) biofilms 
(lower) developed on acrylic surface. Candida albicans are stained with concanavalin-A conjugated 
with Alexa Fluor® 594. The white arrows highlight the presence of hyphae in both biofilm types. 







Figure 3. Proportion (%) of hyphae relative to the total number of C. albicans yeast in single and 
mixed-species biofilms (n=6, per group) on acrylic and in infected RHOE. Bars show average and 
standard deviation within each group. 
* Shows statistically higher proportion of hyphae relative to single-species biofilms. 
** Shows statistically higher proportion of hyphae relative to single-species biofilms and to mixed-
species biofilm developed on acrylic. 
 
Gene expression of C. albicans adhesins differed between biofilms developed 
on acrylic and infected RHOE (Fig. 4a), with higher expression of both ALS1 and ALS3 
evident in C. albicans-only acrylic biofilms (P<0.05). Interestingly, significantly (p<0.01) 
higher expression of C. albicans ALS3 and EPA1 genes occurred in RHOE infected by 
mixed-species biofilms compared with RHOE infected by C. albicans-only biofilms. 
Similarly, expression of C. albicans SAP4 and SAP6 genes (Fig. 4b) was significantly 
(p<0.05) higher in mixed-species acrylic biofilms compared with C. albicans-only biofilms. 
For infected RHOE, expression of SAP4 was similar for C. albicans-only biofilms and 
mixed-species biofilms, whilst SAP6 expression was significantly (p<0.05) up-regulated in 
the latter. Expression of C. albicans PLD1 (Fig. 4c) was equivalent for all biofilm types. 
However, expression of C. albicans hyphal wall protein gene (HWP1) (Fig. 4c) was 
significantly (p<0.01) higher in mixed-species acrylic biofilms and RHOE mixed infections, 
compared with C. albicans-only biofilms and associated infections. 
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With regards to RHOE responses to biofilm infection (Fig. 4d), expression of 
human interleukin-18 (IL-18) and Dectin-1 (a cell receptor for C. albicans primarily 
associated with immune cells) was analysed. Expression of IL-18 was up regulated for 
RHOE infected by mixed-species biofilms, relative to other biofilms types (p<0.05). Dectin-
1 expression was equivalent for RHOE infected by mixed species and C. albicans-only 
biofilms (p<0.05).  
 
 
Figure 4. Relative gene expression of C. albicans adhesins (ALS1, ALS3 and EPA1) – panel A; C. 
albicans secreted aspartyl proteinases (SAP4 and SAP6) – panel B; and C. albicans phospholipase 
D (PLD1) and hyphal wall protein (HWP1) – Panel C in single and mixed-species biofilms 
developed on acrylic (n=12), or in biofilms infecting RHOE (n=6).  Panel D shows relative gene 
expression of human interleukin 18 (IL-18) and of a human epithelial cell receptor for C. albicans 
(Dectin-1), in RHOE samples (n=6) infected with single-Candida biofilm, mixed-species biofilm, 
bacterial biofilm, or control (without infection). Candida albicans target genes were normalised using 
the C. albicans housekeeping gene (ACT1). Human target genes were normalised using a human 
housekeeping gene (β-actin). Analysis of quantitative RT-PCR was made by the ΔΔCt method. 
Single-species biofilms were used as reference samples for expression C. albicans genes. Control 
RHOE samples (uninfected) were used as reference samples for expression of human genes. Bars 
show average and standard deviation within each group. 
*Statistically different gene expression relative to controls (single-species biofilms – for Candida 
genes; Uninfected samples – Human genes). 
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Analysis of RHOE damage based on LDH activity (Fig. 5), revealed that both C. 
albicans-only, and mixed-species biofilms resulted in significantly (p<0.05) higher tissue 
damage compared with uninfected and bacteria-only biofilms. The tissue damage caused 




Figure 5.  Relative LDH activity measured in the culture media supernatant of RHOE tissues (n=6, 
for each group) after 12 h incubation of samples infected with single-species Candida biofilm, 
mixed-species biofilm, bacteria only biofilm, or control (devoid of infection). Basal culture media was 
used to ‘blank’ samples and the fold change calculations were based on control group. Bars show 
average and standard deviation within each group. 
*statistically higher LDH activity relative to control and to bacterial biofilm. 
**statistically higher LDH activity relative to control, single-species (C. albicans) and bacterial 
biofilms. 
 
The increased damage caused by mixed-species biofilms was also histologically 
confirmed using light microscopy (Fig. 6) and CLSM analysis (Fig. 7). Microscopy revealed 
higher numbers of C. albicans hyphae (proportion of C. albicans in hyphal form: 13.4%) in 
mixed-species biofilm infections, which extensively invaded the epithelial tissue. Although 
C. albicans-only biofilms demonstrated lower invasion and reduced proportions of hyphae 
compared to mixed-species biofilms (Figs. 6 and 7), the damage observed for this group 
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was significantly higher than that for the bacteria-only infection and uninfected controls. It 




Figure 6. Representative light microscopy images of fixed RHOE (n=6, for each group) stained with 
PAS (×200 magnification). Groups were comprised of healthy RHOE (control – upper left), and 
RHOE infected with bacterial biofilm (upper right); single-species C. albicans biofilm (lower left); or 
with mixed-species biofilm (lower right). Arrows show biofilms infecting tissues and invading the 
epithelia. Hyphae were seen in both single-C. albicans and mixed-species biofilms; however, higher 







Figure 7. Representative CLSM images of fixed RHOE (n=6, for each group) stained with 
fluorescent probes, after FISH. Groups comprised of healthy RHOE (control – upper left), and 
RHOE infected with bacterial biofilm (upper right); single-species C. albicans (lower left); or with 
mixed-species biofilm (lower right). Light arrows show bacterial species detected by a universal 
PNA probe (seen in red) in both bacterial and mixed-species biofilms. Bold arrows show hyphae 
and C. albicans invading the epithelium. Higher proportion of hyphae and invasion were detected in 
mixed-species biofilms. Epithelial nuclei were depicted blue by Hoechst staining and epithelial cells 
were detected using pan-cytokeratin immune-fluorescence. Candida was stained green by a PNA 
probe (YTL kit); and the cell wall stained red by concanavalin-A conjugated lectin (Alexa Fluor® 






Candida-bacteria interaction will invariably occur when associated together in 
oral biofilms. Mutualistic interactions between C. albicans and streptococci have previously 
been reported (Diaz et al. 2012; Ricker et al. 2014, Xu et al. 2014, Diaz et al. 2014) and 
were confirmed in this present study. Other studies have shown antagonistic interactions 
between C. albicans and other bacteria, such as Lactobacillus (Juárez et al. 2011) and 
Pseudomonas aeruginosa (Purschke et al. 2012; Méar et al. 2013). Such antagonism 
could occur due to bacterial-derived and quorum sensing regulated molecules such as 
pyocyanin and hydrogen peroxide (Hogan et al. 2004; Morales & Hogan 2010; Tian et al. 
2013). To date, there have been limited studies examining the role oral bacteria play in 
directly influencing C. albicans virulence.  
The aim of the present study was to compare C. albicans virulence attributes in 
acrylic biofilms containing C. albicans-only, or biofilms also including selected oral 
bacteria. Streptococcus and Actinomyces species were the selected bacteria, as these are 
known primary colonisers of the oral cavity and present in denture biofilms (Pereira-Cenci 
et al. 2010; Teles et al. 2012). In addition to examining acrylic biofilms, the pathogenicity of 
these developed biofilms was compared by interfacing them with the surface of RHOE.  
Importantly, results showed that C. albicans hyphal proliferation and 
expression of several putative candidal virulence genes significantly increased in the 
presence of bacteria. Associated with this, was enhanced RHOE damage and tissue 
invasion by C. albicans hyphae in mixed species biofilm infections, along with increased 
expression of the IL-18 gene (encoding a pro-inflammatory cytokine). 
Enhanced C. albicans hyphal development in biofilms with bacteria and 
subsequent significant tissue invasion in RHOE, could arise from direct interaction 
between bacteria and C. albicans. Indeed, it is known that streptococci interact with cell-
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wall proteins of Candida (Bamford et al. 2009; Diaz et al. 2012; Ricker et al. 2014) and 
inhibit farnesol-mediated hyphal suppression (Morales & Hogan 2010; Gow et al. 2011). 
Furthermore, bacterial metabolites (Purschke et al. 2012; Ricker et al. 2014) may influence 
biochemical pathways involved in candidal hyphal transition. Some secreted bacterial 
quorum sensing molecules (e.g. competence-stimulating peptide secreted by S. mutans, 
and autoinducer-2 secreted by Aggregatibacter actinomycetemcomitans) have been 
reported to inhibit hyphal formation (Jarosz et al. 2009; Bachtiar et al. 2014). 
Furthermore, it is likely that bacteria in mixed species biofilms affect the local 
environment by changing parameters such as nutrient or carbon dioxide levels, which are 
known factors involved in C. albicans hyphal transition and virulence (Gow et al. 2011; 
Morales & Hogan 2010; Lu et al. 2013; Buu & Chen 2014). Environmental pH can 
influence yeast-hyphal transition (Bensen et al. 2004; Gow et al. 2011) and co-cultivation 
of C. albicans with streptococci would lower environmental pH, possibly inactivating the C. 
albicans transcription factor (Rim101 pathway) involved in hyphal morphogenesis (Bensen 
et al. 2004; Gow et al. 2011). Excessive environmental changes would, however, have 
been partially mitigated through daily media replacement.  
Hyphal growth of C. albicans is generally regarded as more pathogenic than 
yeast (Dalle et al. 2010; Martin et al. 2011; Kuo et al. 2013), with the former able to 
migrate and invade tissues (Gow et al. 2011; Diaz et al. 2012). Perhaps unsurprisingly, 
associated with increased hyphal development was the concurrent up-regulation of HWP1, 
along with SAP4 and SAP6, which are genes implicated in C. albicans hyphal 
development (Jayatilake et al. 2006; Zhu & Filler 2010; Nailis et al. 2010; Martin et al. 
2011; Alves et al. 2014). 
With regards to expression of C. albicans putative virulence genes, only ALS1 
and ALS3 were up-regulated in C. albicans-only acrylic biofilms, and these are associated 
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with substrate adhesion (Hoyer et al. 2001; Zhu & Filler 2010; Méar et al. 2013). 
Interestingly, similar down-regulation has previously been demonstrated in mixed species 
biofilms on abiotic surfaces (Park et al. 2014). 
 ASL1 is associated with biofilm maturation (Zhu & Filler 2010; Nailis et al. 
2010) and its reduced expression caused by bacteria has been linked to altered nutrient 
availability, with associated slower biofilm development (Park et al. 2014; Buu & Chen 
2014). ALS3 is a hyphal-specific cell surface protein and receptor for streptococcal 
adhesins SspA and SspB (Bamford et al. 2009; Diaz et al. 2012; Diaz et al. 2014). The fact 
that higher hyphal proportions were present in mixed species acrylic biofilms would have 
presumably led to an elevated ALS3 expression, however this was not seen. It might be 
that the hyphal development arose prior to ALS3 being down-regulated due to bacterial 
factors.  
 Phospholipase D expression by C. albicans was not affected by bacteria and 
might indicate constitutive expression, corroborating previous findings (Nailis et al. 2010; 
Alves et al. 2014). 
Other C. albicans putative virulence genes, related to hyphal proliferation 
(HWP1) and secretion of aspartyl proteinases (SAP4 and SAP6) were up-regulated in 
mixed species biofilms on acrylic. HWP1 is related to hyphal proliferation and substrate 
adhesion (Zhu & Filler 2010; Nailis et al. 2010; Martin et al. 2011; Alves et al. 2014), whilst 
SAP4 and SAP6 are associated with yeast-hyphal transition and tissue invasion (Naglik et 
al. 2003; Jayatilake et al. 2006; Naglik et al. 2008; Dalle et al., 2010; Martin et al. 2011).  
Given the changes to the C. albicans phenotype in the presence of bacteria in 
acrylic biofilms, it was hypothesised that an increased pathogenic effect would be apparent 
when these biofilms were overlaid on RHOE. In these studies, bacterial presence led to 
enhanced expression of putative Candida virulence genes related to cell wall adhesins 
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(ALS3 and EPA1), secreted aspartyl proteinases (SAP6) and hyphal proliferation (HWP1). 
Unsurprisingly, enhanced tissue invasion by C. albicans in the mixed species biofilms was 
associated with significantly higher tissue damage, as determined by the LDH assay. Also, 
the increased proportion of C. albicans hyphae in mixed infections may have been 
responsible for the enhanced RHOE immune response seen by up-regulation of the gene 
encoding human interleukin IL-18 (Tardif et al. 2004; Martin et al. 2011; Kuo et al. 2013; 
Lowman et al. 2014). 
Enhanced expression of ALS3 and EPA1 in mixed species biofilms infecting 
RHOE indicated that C. albicans adhesion to epithelial cells might also be increased in the 
presence of bacteria. The EPA1 gene translates a specific adhesin to epithelial cells (Kuhn 
& Vyas 2012), whilst ALS3 adhesin binds to the specific host cells receptors E-cadherin 
and N-cadherin (Zhu & Filler 2010; Liu & Filler 2011).  Interestingly, the RHOE seemed to 
negate the previously observed lower ALS3 expression in mixed biofilms and two factors 
might explain this. Firstly, invasion of hyphae into the RHOE might protect against 
inhibitory effects of the bacteria; and secondly, the RHOE might provide additional 
nutrients to limit bacterial impact.  
The mechanism by which the bacterial component of the biofilm induced the 
observed changes in C. albicans remains unclear. The effect could be due to several 
factors, including alteration of environmental parameters including nutrient limitation, 
hypoxia, or specific effects such as inhibition of the farnesol pathway of hyphae 
suppression (Morales & Hogan 2010; Peleg et al. 2010; Gow et al. 2011; Lu et al. 2013; 
Buu & Chen 2014). Since many studies have shown antagonism of C. albicans by other 
bacteria (Hogan et al. 2004; Tian et al. 2013), studies assessing specific probiotics and 
quorum sensing molecules to manage candidal infection might also be of future value in 
this regard.  
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This study found that the oral bacterial component of biofilms consists in an 
important factor that influences the pathogenicity C. albicans.  It may well be the case that 
different bacterial components modulate C. albicans pathogenicity in vivo, either by 
enhancing or reducing it. Since, most attention in managing denture stomatitis has 
previously been directed towards the colonising Candida, based on these findings, further 
consideration should be given to the oral bacteria component of denture biofilms.    
 
Conclusion 
The presence of specific bacteria promotes proliferation of C. albicans hyphae 
and leads to enhanced tissue invasion and damage in mixed species biofilms. Higher 
virulence and pathogenicity of Candida biofilms was associated with up-regulation of 
virulence genes related to cell adhesion, hyphal proliferation and secreted aspartyl 
proteinases. These results are important, as in oral candidosis involving denture biofilms, 
progression and management of the infection may in part be dependent on the bacterial 
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Candida albicans virulence is enhanced under peri-implant conditions and 
modulated by the bacterial population of biofilm  
 
Introduction: Candida albicans has been detected in peri-implant biofilms, indicating that 
this fungus could participate in the development of peri-implantitis. Therefore, this study 
aimed to evaluate the virulence of C. albicans biofilms under peri-implant conditions. 
Methods: Biofilms (n=12) of C. albicans only, C. albicans with streptococci (Streptococcus 
sanguinis and S. mutans), and C. albicans, streptococci and Porphyromonas gingivalis 
were generated commercially pure titanium discs coated with artificial saliva, under 
aerobic and anaerobic conditions for 72 h. Expression of Candida adhesins (ALS1, ALS3 
and HWP1), Candida aspartyl-proteinases (SAP2, SAP4 and SAP6) and phospholipase 
(PLD1) in these biofilms was measured. Confocal laser scanning microscopy was used to 
assess hyphal proportions in the biofilms. Results: ALS3, HWP1 and SAP2 were up-
regulated under anaerobic conditions. Similarly, these genes and SAP6 were significantly 
up-regulated in C. albicans biofilms with streptococci. Where these genes were up-
regulated, a statistically higher proportion of hyphae were also evident. When cultured 
alone with P. gingivalis, there was down-regulation of ALS1, ALS3, HWP1 and SAP4 gene 
expression and a reduced number of hyphae. When all microorganisms were cultured 
together, the down-regulatory effects of P. gingivalis were not observed. Conclusion: 
Although P. gingivalis inhibited C. albicans virulence, increased expression of virulence 
genes and greater hyphal growth occurred in a more complex mixed-species biofilm 
developed under anaerobic environment.  
Clinical significance: C. albicans may have a contibutory role in peri-implant infections. 
Therefore, both bacterial and fungal biofilms should be controlled to reduce the risk of 
biofilm-associated infections and consequent damages to tissues surrounding implants. 






Peri-implant tissue health is a key factor in dental implant success, even after 
osseointegration has occurred (Mishler; Shiau, 2014). Biofilm accumulation on dental 
implant surfaces can present pathological challenges to surrounding tissues, generating a 
condition known as peri-implantitis (Mishler; Shiau, 2014; Belibasakis 2014). This biofilm-
dependent infection is characterised by inflammatory mediated destruction of the implant-
supporting tissues, including the gingival gum and potentially the supporting bone (Mishler; 
Shiau, 2014; Belibasakis 2014). 
Although the entire microbial composition of peri-implant biofilms has been 
shown to differ from that of the periodontal ecosystem, common bacterial species have 
been identified in both conditions during infection (Leonhardt et al., 2003; Mombelli; 
Decaillet et al., 2011; Dabdoub et al., 2013; Belibasakis 2014). Proteolytic and anaerobic 
bacteria such as Porphyromonas gingivalis, Prevotella intermedia, Fusobacterium 
nucleatum and Aggregatibacter actinomycetemcomitans are, therefore, thought to be key 
pathogenic bacteria in peri-implant biofilms (Leonhardt et al., 2003; Mombelli; Decaillet et 
al., 2011; Dabdoub et al., 2013; Belibasakis 2014; Zakaria et al., 2014). However, Candida 
albicans has also been reported to colonise these diseased sites, suggesting that this 
fungus could participate in the development of peri-implantitis lesions (Leonhardt et al., 
2003; Mombelli; Decaillet et al., 2011; Groosh et al., 2011; Zakaria et al., 2014).  
Candida albicans is an opportunistic pathogen that commensally colonises 
many human mucosal and biomaterials’ surfaces, but it is also associated with the 
development of numerous infections (Peleg et al., 2010, Williams et al., 2013). Besides 
infection of adjacent mucosa, accumulation of biofilms over implant-supported prosthesis 
has been reported to affect the peri-implant health and the subsequent success of dental 
implants (Nascimento et al., 2013, Kilic et al., 2014). Although Candida colonisation of 
healthy peri-implant tissues has been shown to be insignificant (Mombelli; Decaillet et al., 
2011; Freitas et al., 2009), the prevalence of Candida at diseased sites is significantly 
higher (Mombelli; Decaillet et al., 2011; Groosh et al., 201; Canabarro et al., 2013).  
Virulence and pathogenicity of Candida albicans is associated with its ability to 
adhere to different substrates, generate hyphal growth, secrete phospholipase and 
proteinases, invade tissues and activate inflammatory response (Gow et al., 2011, 
Dongari-Bagtzoglou et al. 2009; Naglik et al., 2003). These virulence factors are 
genetically controlled through expression of numerous genes including those encoding 
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agglutinin-like sequences (ALSs), hyphal wall protein (HWP), aspartyl-proteinases (SAPs) 
and phospholipases (PLDs) (Nailis et al., 2009; Naglik et al., 2008; Zhu; Filler, 2010; Alves 
et al., 2014). Importantly, virulence and expression of these genes is modulated by local 
environmental factors (Biswa et al., 2007; Gow et al., 2011; Lu et al., 2013; Buu et al., 
2014). In order to assess potential pathogenic involvement it is therefore necessary to 
study candidal virulence under conditions associated with the infection. 
Environments with enriched CO2, low nutrient levels and the presence of 
streptococci have all been shown to increase C. albicans virulence (Bamford et al., 2009; 
Gow et al., 2011; Lu et al., 2013; Cavalcanti et al., 2015). Based on those findings, the 
periodontal environment would appear to provide favourable conditions for the activation of 
Candida virulence and candidosis. However, interaction of C. albicans with other important 
periodontal and peri-implant bacterial pathogens has, as yet, to be considered. Although 
C. albicans has been identified in biofilms on diseased implants, its role in peri-implant 
infection is poorly understood. Therefore, this present investigation aimed to study the 
virulence of Candida under peri-implant conditions, varying atmospheric conditions and 
altered bacterial population.   
 
 
Materials and Methods 
Experimental design 
An in vitro study was performed to evaluate the influence of atmospheric 
conditions and biofilm composition on the virulence of C. albicans. Firstly, biofilms of C. 
albicans, or C. albicans combined with oral streptococci (Streptococcus sanguinis and S. 
mutans) were generated on the surface of titanium discs coated in artificial saliva, under 
aerobic or anaerobic conditions. Thereafter, biofilms comprising C. albicans with 
Porphyromonas gingivalis and C. albicans, streptococci and P. gingivalis were also 
generated anaerobically. Biofilm analysis involved measurement of expression of Candida-
associated virulence genes and the development of C. albicans hyphae. Table 1 shows 
the group distribution according to the factors under study, considering both the 





Table 1. Group distribution according to the factors under study (atmosphere and bacterial population). 
Study 1 (Influence of atmosphere and bacterial population) 
Groups Ca – only Ca + Sm+ Ss Ca – only Ca + Sm+ Ss 
Atmosphere condition Aerobiosis Anaerobiosis 





C. albicans only C. albicans, 
S. mutans, 
S. sanguinis 
Study 2 (Influence of bacterial population) 
Groups Ca – only Ca + Pg Ca + Sm + Ss Ca + Sm + Ss + Pg 
Atmosphere condition Anaerobiosis 










Microorganisms and culture preparation 
Candida albicans (ATCC 90028), S. mutans (ATCC 25175), S. sanguinis 
(ATCC 10556) and P. gingivalis (ATCC 53978) were used to develop biofilms on titanium. 
Candida albicans was maintained on Sabouraud’s Dextrose Agar (SDA; Oxoid, 
Hampshire, UK), streptococci were cultured on Blood Agar (BA) (blood agar base; Oxoid), 
and P. gingivalis on Fastidious Anaerobe Agar (FAA; Oxoid). The latter two media were 
supplemented with 5% (v/v) defibrinated horse blood (TCS Biosciences, Buckingham, UK). 
Isolates of C. albicans were sub-cultured in Yeast Nitrogen base medium 
(Difco) supplemented with 100 mM glucose. Brain Heart Infusion liquid medium (BHI; 
Oxoid) and Fastidious Anaerobe Broth (FAB; Oxoid) were used to culture streptococci and 
P. gingivalis, respectively. Microorganisms were incubated aerobically (C. albicans and 
streptococci), or anaerobically (P. gingivalis) for 24 h at 37°C. Microorganisms were 
harvested by centrifugation (3000×g for 5 min) and resulting cell pellets were washed twice 
in Phosphate Buffered Saline (PBS; pH 7.0). 
Cell pellets were resuspended in a mixture (1:1) of FAB and Dulbecco’s 
Modified Eagle Medium (DMEM; Life Technologies, Paisley, UK) supplemented with 10% 
(v/v) Foetal Bovine Serum (FBS; Life Technologies) and 50 mM glucose (full DMEM). The 
preparations were adjusted to an optical density of 1.0 at 600nm using a spectrophotometer 
(DiluPhotometer™; Implen, Westlake Village, USA). To produce inocula for biofilm 
development, a 200-fold dilution of each standardised suspension was prepared in sterile 
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culture medium (1:1 (v/v) of FAB with full DMEM). The concentration of microorganisms in 
each inoculum corresponded to ~1×105 colony forming units (CFU) ml-1 of C. albicans and 
~1 × 107 CFU ml-1 of bacteria. 
 
Preparation of titanium discs 
Commercially pure grade IV titanium bars (Sandinox; Sorocaba, São Paulo, 
Brazil) were used to obtain disc-shaped titanium coupons of 12.5 mm diameter and 2 mm 
thickness. The surface finishing and polishing procedures were performed in a barrel 
containing ceramic particles and abrasive paste. Titanium specimens were mixed for 8 h 
and then transferred to another barrel with porcelain particles and abrasive paste for 
additional 3 h. The resulting average surface roughness of titanium was 0.29 ± 0.02 µm. 
Prior to use, coupons were ultrasonically cleaned (20 min) with 70% (v/v) alcohol to 
remove surface debris. Specimens were sterilised by autoclaving at 121ºC for 15 min. 
Prior to experiments, titanium discs were pre-coated with artificial saliva by 
overnight incubation at 37°C under gentle agitation (75 rev/min). Artificial saliva comprised 
of 2.5 g/L mucin, 0.25 g/L sodium chloride, 0.2 g/L potassium chloride, 0.2 g/L calcium 
chloride, 2.0 g/L yeast extract, 5.0 g/L protease peptone and 1.25 ml/L of 40% urea).  
 
Development and analysis of titanium biofilms 
Biofilms (n=12 per group) consisted either of C. albicans, or C. albicans 
combined with streptococci (S. sanguinis and S. mutans) were developed on the surface 
titanium discs pre-coated with artificial saliva, for 72 h, under aerobic or anaerobic 
conditions. Thereafter, biofilms of C. albicans; C. albicans with P. gingivalis; C. albicans 
with streptococci; and C. albicans with streptococci and P. gingivalis were also generated 
anaerobically, for 72 h.  
Biofilm production involved placement of titanium coupons in the wells of a 12-
well tissue culture plate and 2 ml of microbial inocula was added to these. The culture 
medium was changed every 24 h over the 72 h incubation period. Biofilms were recovered 
in 1 mL of PSB from the titanium surfaces by vigorous vortexing for 60 s. Samples (n=12, 
for each group) were then analysed for gene expression of Candida adhesins (ALS1, 
ALS3 and HWP1), Candida aspartyl-proteinases (SAP2, SAP4 and SAP6) and 
phospholipase (PLD1). Additional specimens (n=6) were examined by Confocal Laser-
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Scanning Microscopy (CLSM) for the proportion of C. albicans hyphae. Analysis of biofilms 
was performed in three independent experiments. 
 
Extraction of C. albicans RNA and analysis by RT-qPCR 
Recovered biofilms were centrifuged (10,000 g for 5 min) and the cell pellets 
were re-suspended in lysis buffer (RLT Buffer, QIAGEN, Crawley, UK) containing 1% (v/v) 
β-mercaptoethanol. Cells were disrupted in phenol:chloroform:isoamyl alcohol (25:24:1) 
(Sigma-Aldrich, Poole, UK), coupled with high-speed homogenisation with glass beads in 
a Mini-Bead-Beater-8 (Stratech Scientific, Soham, UK) (Collart; Oliviero, 2001; Cury et al., 
2008). Total nucleic acid was obtained in the upper aqueous phase of the centrifuged 
solution. Total RNA was recovered after DNAse I (QIAGEN) treatment using the RNeasy 
Mini Kit (QIAGEN) according to the manufacturer’s instructions. The integrity and purity of 
total RNA was assessed by gel electrophoresis (Collart; Oliviero, 2001; Cury et al., 2008). 
Total RNA concentration was spectrophotometrically determined by measuring 
absorbance ratio at 260/280nm (NanoVue, GE healthcare, Little Chalfont, UK). 
Standardised total RNA suspensions were prepared at 100 ng/µL.  
Reverse transcription reactions for cDNA synthesis were done using the 
Precision nanoScriptTM 2 Reverse Transcription kit (Primer Design, Southampton, UK). 
Reactions included 10 µl of total RNA template (100 ng/µl), 1 µl of 10 mM dNTPs, 1 µl of 
50 µg/ml random primers, 5 µl of nanoScript2 reaction buffer (×4) and 1 µl of nanoScript2 
enzyme (200 U/µl) (Primer Design). Molecular grade water (2 µl) was added to give a final 
reaction volume of 20 µl. The reaction mix was incubated at 65°C for 5 min, followed by 
cooling on ice, incubation at 25°C for 5 min and final incubation at 42°C for 20 min. The 
resulting cDNA was stored at -20°C prior to use for qPCR. 
Primers used in qPCR analysis are presented in Table 2. The primers were 
designed from full-length gene sequences using Primer3 software and had previously 
been validated (Alves et al., 2014; Cavalcanti et al., 2015). Targeted C. albicans virulence 
genes were ALS1 and ALS3 (agglutinin-like sequence), HWP1 (hyphal wall protein), 
SAP2, SAP4 and SAP6 (secreted aspartyl proteinases), and PLD1 (phospholipase D). The 





Table 2 – Forward (FW) and reverse (RV) primers used for qPCR 
Target gene Sequence (5’ ! 3’) 
ACT1 – C. albicans actin - reference gene 
FW – TGCTGAACGTATGCAAAAGG 
RV – TGAACAATGGATGGACCAGA 
ALS1 – Agglutinin-Like Sequence 
FW – CCCAACTTGGAATGCTGTTT 
RV – TTTCAAAGCGTCGTTCACAG 
ALS3 – Agglutinin-Like Sequence 
FW – CTGGACCACCAGGAAACACT 
RV – GGTGGAGCGGTGACAGTAGT 
HWP1 – Hyphae Wall Protein 
FW – TCTACTGCTCCAGCCACTGA 
RV – CCAGCAGGAATTGTTTCCAT 
SAP2 – Secreted Aspartyl Proteinase 
FW – ACCGTTGGATTTGGTGGTGTTT 
RV – ATTATTTGTCCCGTGGCAGCAT 
SAP4 – Secreted Aspartyl Proteinase 
FW – GTCAATGTCAACGCTGGTGTCC 
RV - ATTCCGAAGCAGGAACGGTGTCC 
SAP6 – Secreted Aspartyl Proteinase 
FW – AAAATGGCGTGGTGACAGAGGT 
RV - CGTTGGCTTGGAAACCAATACC 
PLD1 – Phospholipase D 
FW - GCCAAGAGAGCAAGGGTTAGCA 
RV - CGGATTCGTCATCCATTTCTCC 
 
Amplification and quantification of qPCR was performed in 96-well plates in a 
QuantStudio™ 6 Flex Real-Time PCR System (Life Technologies). Reactions (20 µl) 
comprised of 2 µl of cDNA, 10 µl (×2) of SYBR-Green PCR Master Mix (Precision Master 
Mix; Primer Design, Southampton, UK), 1 µl of each primer (10 mM), and 6 µl of molecular 
biology grade water. The thermal cycle profile consisted of initial denaturation at 95°C for 2 
min, followed by 40 cycles of denaturation at 95°C for 15 s, primer annealing at 58°C for 
30 s and primer extension at 72°C for 30 s. A final primer extension at 72°C for 2 min was 
performed, followed by cooling at 4°C. A dissociation stage at 60°C was used to generate 
a melting curve for verification of amplified product. The qPCR threshold was adjusted 
according to the amplification curves of all evaluated genes. Comparison between groups 
was made based on the cycle number (Ct) at which both the target and reference genes 
reached threshold level of fluorescence. Analysis of relative gene expression was 




Confocal Laser Scanning Microscopy (CLSM) 
In situ biofilms (n=6) were prepared on two independent occasions and 
analysed by CLSM to assess proportion of C. albicans hyphae., using a Leica TCS SP2 
AOBS spectral confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany). Prior 
to CLSM analysis, biofilms were fixed with 10% formal-saline for 48 h at 4ºC.  
Biofilms were stained with 10 µl of a general DNA-specific stain (propidium 
iodide, 25 µM; Molecular Probes, Paisley, UK) and also with 10 µl of calcofluor white (1% 
(v/v); Sigma-Aldrich), which stains Candida cell walls. As a consequence, the red channel 
revealed bacteria and C. albicans in mixed-species biofilms, whilst the blue channel 
revealed only C. albicans.  
To evaluate the proportion of hyphae, representative images (125 µm × 125 
µm) of both dye-channels were obtained from a minimum of five different fields (625 µm2) 
of view for each of 6 replicate specimens, in the three independent experiments 
(Cavalcanti et al., 2015). Images (Z-stacks) were analysed using ImageJ 1.46r (Wayne 
Rasband, National Institute of Health, USA). The calcofluor white staining (blue channel) 
was representative of C. albicans, and used to quantify yeast and hyphae in all developed 
biofilm types. Images were first adjusted using the function of threshold intensity and C. 
albicans yeast and hyphal forms separately quantified using the ‘Analyze Particles’ tool of 
the software. The proportion of hyphae was calculated as the ratio of hyphae relative to 
the number of yeast. 
 
Statistical analysis 
Statistical analysis was performed using SPSS software (Statistical Package 
for Social Sciences, IBM, Chicago, IL, USA) at 5% significance. The assumptions of 
equality of variances and normal distribution of errors were evaluated for each variable. 
When data was not normally distributed, logarithmic transformations were undertaken. 
Comparison among groups considered the atmosphere (aerobiosis) and biofilm 
composition (single-species and mixed-species) as factors under study. Therefore, 
biofilms of C. albicans were compared with those of C. albicans mixed with streptococci, 
under both aerobic and anaerobic conditions, using 2-way analysis of variance (ANOVA). 
Within regards to evaluation of biofilms in the presence or absence of P. gingivalis, 
comparisons among groups were undertaken using 1-way ANOVA and Tukey’s Honestly 
Significant Difference (HSD) test.  
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Results 
Expression of ALS1 did not differ significantly (p>0.05) between C. albicans 
only biofilms and those also containing streptococci. Similarly, ALS1 expression in these 
biofilms was not effected when grown either aerobically or anaerobically (Fig. 1). However, 
an anerobic environment did lead to a significantly higher (p<0.05) up-regulation 
expression of ALS3 and HWP1. Additionally, streptococcal presence increased expression 
of ALS3 and HWP1 by C. albicans.  In anaerobic biofilms ALS3 was not significantly 




Fig. 1 – Relative gene expression of C. albicans adhesins (ALS1, ALS3) and C. albicans hyphal 
wall protein (HWP1). Comparisons were made between C. albicans only and biofilms also 
containing streptococci, developed aerobically and anaerobically. Target genes were normalised 
using the C. albicans housekeeping gene (ACT1). Analysis of quantitative RT-PCR was made by 
the ΔΔCt method. Candida albicans only biofilms cultured aerobically were used as reference 
biofilms for relative expression of other groups. Bars show average and standard deviation within 
each group. Uppercase lettering depicts statistically significant differences (p<0.05) between 
biofilms of the same composition, developed under different atmospheres. Lowercase lettering 
indicates statistically significant differences (p<0.05) between biofilms of different composition 
developed in the same atmospheres. 
 
The expression of C. albicans SAP4 and PLD1 genes (Fig. 2) was not 
significantly affected by the studied variables. However, expression of SAP2 was up-
regulated (p<0.05) in C. albicans biofilms with streptococci that were grown anaerobically. 
Expression of SAP6 was however significantly enhanced (p<0.05) in C. albicans with 




Fig. 2 – Relative gene expression of C. albicans secreted aspartyl-proteinases (SAP2, SAP4, 
SAP6) and C. albicans phospholipase D (PLD1). Comparisons were made between single and 
mixed-species biofilms, developed aerobically and anaerobically. Target genes were normalised 
using the C. albicans housekeeping gene (ACT1). Analysis of quantitative RT-PCR was made by 
the ΔΔCt method. Single-species biofilms developed aerobically were used as reference samples for 
relative expression of other groups. Bars show average and standard deviation within each group. 
Uppercase lettering depicts statistically significant differences (p<0.05) between biofilms of the 
same composition, developed under different atmospheres. Lowercase lettering indicates 
statistically significant differences (p<0.05) between biofilms of different composition developed in 
the same atmospheres. 
 
Biofilms of C. albicans with P. gingivalis exhibited significant down-regulation of 
ALS1, ALS3 and HWP1 expression (Fig. 3). No changes in expression of ALS1 and ALS3 
were observed when P. gingivalis was cultured with C. albicans and streptococci, 
compared with mixed-species biofilms without P. gingivalis. With regards to expression of 
SAPs (Fig. 4), both SAP2 and SAP6 genes were up-regulated in bacterial containing 
biofilms, including those with P. gingivalis. All the mixed-species biofilms exhibited down-
regulation of SAP4 gene expression with no differences in expression of PLD1. 
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Fig. 3 – Relative gene expression of C. albicans adhesins (ALS1, ALS3) and C. albicans hyphae 
wall protein (HWP1). Comparisons were made between biofilms of different composition (C. 
albicans– Ca; C. albicans with P. gingivalis – Ca + Pg; C. albicans with streptococci – Ca + Sm + 
Ss; and C. albicans with streptococci and P. gingivalis – Ca + Sm + Ss + Pg). Target genes were 
normalised using the C. albicans housekeeping gene (ACT1). Analysis of quantitative RT-PCR was 
made by the ΔΔCt method. Candida albicans only biofilms were used as reference for relative 
expression of other groups. Bars show average and standard deviation within each group. Lettering 




Fig. 4 – Relative gene expression of C. albicans secreted aspartyl-proteinases (SAP2, SAP4, 
SAP6) and C. albicans phospholipase D (PLD1). Comparisons were made between biofilms of 
different composition (C. albicans only – Ca; C. albicans with P. gingivalis – Ca + Pg; C. albicans 
with streptococci – Ca + Sm + Ss; and C. albicans with streptococci and P. gingivalis – Ca + Sm + 
Ss + Pg). Target genes were normalised using the C. albicans housekeeping gene (ACT1). 
Analysis of quantitative RT-PCR was made by the ΔΔCt method. Candida albicans only biofilms 
were used as reference for relative expression of other groups. Bars show average and standard 
deviation within each group. Lettering indicates statistically significant differences (p<0.05) between 
biofilms of different composition. 
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CLSM analysis of C. albicans biofilms developed aerobically and anaerobically 
(Fig. 5 – upper panels), revealed limited hyphal production by C. albicans in aerobic 
biofilms, whilst anaerobically cultured biofilms had numerous hyphal elements (Fig. 5). 
Biofilms containing streptococci that were grown aerobically or anaerobically had many 
hyphae and yeast overlaying an extensive bacterial biomass. Hyphal enumeration (fig. 6) 
confirmed the visual observations from CLSM images, and showed that C. albicans only 
biofilms developed aerobically had significant lower (p<0.05) proportions of hyphae.  
 
 
Fig. 5 – Representative CLSM images of C. albicans-only biofilms (Ca only – upper figures) and 
biofilms of C. albicans with S. mutans and S. sanguinis (Ca + Sm + Ss – lower figures) developed 
on titanium surfaces. Biofilms on the left were developed aerobically, whilst biofilms on right were 
grown anaerobically. Candida albicans were stained with calcofluor white (blue) and bacteria were 





Fig. 6 - Proportion (%) of hyphae relative to total number of C. albicans in single-species (Ca only) 
and mixed-species biofilms with streptococci (Ca + Sm + Ss) (n=6, per group), developed 
aerobically and anaerobically. Bars show average and standard deviation within each group. 





In the case of biofilms grown anaerobically (Fig. 7), it was evident that P. gingivalis 
inhibited hyphal development in all biofilms, compared with those without P. gingivalis. 
However, a significant reduction in hyphae (fig. 8) was only evident for C. albicans biofilms 
with just P. gingivalis.  
 
 
Fig. 7 – Representative CLSM images of biofilms of different composition: C. albicans only – Ca; C. 
albicans with P. gingivalis – Ca + Pg; C. albicans with streptococci – Ca + Sm + Ss; and C. albicans 
with streptococci and P. gingivalis – Ca + Sm + Ss + Pg. Biofilms were developed anaerobically on 
the surface of titanium discs for 72 h. Biofilms on the left were developed without P. gingivalis, 
whilst biofilms on the right hand-side were grown with P. gingivalis. Candida albicans were stained 
with calcofluor white (blue) and bacteria were stained red by propidium iodide. Note the lower 





Fig. 8 - Proportion (%) of hyphae relative to the total number of C. albicans in biofilms (n=6, for each 
group) of different composition: C. albicans only – Ca; C. albicans with P. gingivalis – Ca + Pg; C. 
albicans with streptococci – Ca + Sm + Ss; and C. albicans with streptococci and P. gingivalis – Ca 
+ Sm + Ss + Pg. Bars show average and standard deviation within each group. 
* Shows statistically lower (p<0.05) proportion of hyphae relative to other groups. Differences were 




The results of present study indicate that both atmospheric conditions and 
bacterial population of biofilms influence the virulence of C. albicans within the biofilms. 
Up-regulation of C. albicans putative virulence genes occurred in anaerobically cultured C. 
albicans biofilms and where co-cultivation with streptococci occurred. In the case of the 
latter, aerobically grown biofilms exhibited increased expression of HWP1 and SAP6, 
whilst the respective biofilms developed anaerobically had additional up-regulation of 
ALS3 and SAP2. Therefore, it was evident that both anaerobic atmosphere and presence 
of streptococci had a significant effect in promoting expression of these particular virulence 
features of C. albicans. These aspects demonstrate that the virulence of C. albicans is 
triggered in biofilms developed under peri-implant conditions. 
Unsurprisingly, associated higher proportion of hyphae was observed as a 
consequence of up-regulation of the studied genes. Both ALS3 and HWP1 are hyphal-
specific adhesins that are expressed on the candidal cell wall. Up-regulation of those 
genes is evident with increased hyphal formation. Also, it promotes hyphal adhesion to 
surfaces and with other bacteria (Nobile et al., 2006; Nailis et al., 2009; Bamford et al., 
2009; Zhu; Filler, 2010). Expression of SAPs is, in turn, also related to hyphal progression 
and tissue invasion (Naglik et al., 2008). Previous study by our research group has shown 
increased expression of these genes when C. albicans was co-cultured with other Candida 
species (Alves et al., 2014) and with streptococci (Cavalcanti et al., 2015). 
The hypoxic environment is a known factor in inducing yeast to hyphal 
transition in C. albicans (Setiadi et al., 2006; Gow et al., 2011; Lu et al., 2013). Whilst 
higher hyphal proliferation was observed in C. albicans only biofilms developed 
anaerobically, this situation is arguably rarely encountered during C. albicans infection. 
Candida is invariably associated in biofilms also containing bacteria during infection (Peleg 
et al., 2010; Diaz et al., 2014). In the present study, co-cultivation of C. albicans with 
streptococci resulted in up-regulation of relevant virulence genes and increased hyphal 
formation. However, the role of other bacteria in promoting these virulence factors of 
Candida still needs to be elucidated.  
Co-cultivation of C. albicans with streptococci may have resulted in a more 
stressful environment through competition for available nutrients, enhanced CO2 levels or 
local pH alteration within the biofilm. These effects, are all acknowledged to be able to up-
regulate C. albicans putative virulence genes and stimulate hyphal formation  (Bensen et 
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al., 2004; Biswa et al., 2007; Gow et al., 2011; Lu et al., 2013). Additionally, some 
signalling pathways between Candida and streptococci may exist being triggered by cell 
wall protein-protein interactions (Bamford et al., 2009; Diaz et al., 2012), and inhibition of 
farnesol-mediated hyphal suppression can also arise (Morales & Hogan 2010; Gow et al. 
2011). Such Candida-bacterial interactions have been reported to stimulate yeast to 
hyphae transition and increase virulence of C. albicans biofilms (Cavalcanti et al., 2015).  
Reduced expression of ALS3 in aerobically cultured C. albicans biofilms 
containing streptococci could conceivably be related to the production of a quorum sensing 
signalling molecule by S. mutans. Competence-stimulating peptide produced by S. mutans 
is more active under aerobic conditions and it is known to have inhibitory effects on other 
microorganisms (Jarosz et al. 2009; Wright et al., 2013). Since the ALS3 glico-protein is 
known to bind to the cell wall receptors of streptococci (Bamford et al., 2009; Wright et al., 
2013), down-regulation of the gene is likely to be a protective strategy for C. albicans when 
mixed with these bacteria. This phenomenon, however, did not inhibit hyphal proliferation 
or the up-regulation of other putative virulence genes. Therefore, co-cultivation with 
streptococci, especially in an anaerobic atmosphere, would overall promote C. albicans 
virulence in these biofilms. 
Candida albicans morphogenesis and virulence was not however enhanced in 
all mixed-species biofilms. Biofilms incorporating P. gingivalis were found to reduce 
expression of C. albicans adhesins, but not affect expression of phospholipase and 
aspartyl-proteinase genes. Down-regulation of ALS1, ALS3, HWP1 and SAP4 genes in 
biofilms with P. gingivalis would also explain the lower proportion of hyphae found in these 
biofilms. However, inhibition of hyphal transition does not necessarily mean total negation 
of Candida virulence, as secretion of relevant proteolytic enzymes may still be up-
regulated (Naglik et al., 2008; Alves et al., 2014). 
To the authors’ knowledge, no interactions between C. albicans and P. 
gingivalis have been previously reported. Porphyromonas gingivalis has been known to 
interact with other bacteria by secreting regulatory quorum-sensing molecules and 
promoting cell wall interactions via P. gingivalis fimbriae (Morales; Hogan et al., 2010; 
Wright et al., 2013). The quorum-sensing mechanism probrably activated by P. gingivalis 
is the Auto-Inducer-2 (AI-2) system, which is common used by Gram-negative bacteria to 
inhibit cellular grow (Saito et al., 2011). However, until now, no interactions with Candida 
have been shown.  
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When C. albicans was combined with all the studied bacteria, however, the 
inhibitory effects of P. gingivalis were not significant. Although expression of HWP1 in 
these biofilms was relatively lower compared to biofilms without P. gingivalis, expression of 
other putative virulence genes and the hyphal presence was not significantly lower 
between these groups. Therefore, in a clinical situation, where multi-bacterial species are 
involved, environmental factors and interactions with other microorganisms may have a 
significant effect on C. albicans virulence. Studies with other bacterial types in mixed-
species biofilms developed anaerobically may therefore help to elucidate the role of 
Candida in peri-implant and periodontal infections. 
Management of implant-supported prosthesis could consider the role of C. 
albicans in peri-implant biofilm formation and subsequent infection. Since biofilms formed 
upon denture surfaces generally have extensive Candida colonisation, these biofilms can 
trigger infections in the adjacent tissues. The presence of C. albicans in peri-implant 
biofilms may also increase biofilm virulence and affect the success of such treatment. 
 
Conclusion 
Candida albicans may play a significant role in peri-implant infections, since 
co-culture with other microorganisms in an anaerobic environment has been shown to 
increase virulence. Although P. gingivalis appears to have an inhibitory effect on aspects 
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O presente estudo demonstrou que os fatores ambientais influenciam 
significativamente a virulência de Candida albicans em biofilmes desenvolvidos sobre a 
superfície de biomateriais. Melhor compreensão a respeito dos fatores responsáveis pela 
virulência foi obtida a partir do estudo da interação do micro-organismo C. albicans com 
as condições do ambiente, com o epitélio e com outros micro-organismos. Os resultados 
da presente investigação alertam para aspectos que ampliam a virulência e a 
patogenicidade das infecções por Candida. Isso deve contribuir, portanto, para o 
redirecionamento e maior eficácia dos tratamentos. 
A película salivar formada sobre a superfície de acrílico e titânio dirimiu as 
diferenças entre a energia livre de superfície desses biomaterais, reduzindo também as 
diferenças entre o biofilme formado sobre essas superfícies. Embora a energia livre de 
superfície (ELS) de acrílico e titânio tenham sido equalizadas, a incorporação de plasma à 
película de saliva promoveu aumento significativo da ELS, demonstrando também 
aumento da virulência de C. albicans. 
Esses aspectos ilustram que, em uma inflamação infecciosa crônica, as 
superfícies em contato com exudato plasmático são mais favoráveis ao desenvolvimento 
de biofilmes mais virulentos e patogênicos. Nesse sentido, o controle da resposta 
inflamatória pode contribuir para redução da virulência e patogenicidade dos biofilmes de 
Candida. Assim, o manejo dessas infecções pela utilização de antimicrobianos deve ser 
facilitado. 
A interação de Candida albicans com outros micro-organismos também foi 
demonstrada como um importante fator que contribui para o aumento da virulência e 
patogenicidade de Candida. As bactérias presentes nos biofilmes multi-espécies 
provavelmente modificaram o microambiente do biofilme pela redução da quantidade de 
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nutrientes disponíveis e aumento da tensão de gás carbônico. Além disso, a interação 
célula-à-célula e a secreção de moléculas de quorum sensing também consistem em 
mecanismos presentes na interação de C. albicans com bactérias. Esses fenômenos 
ampliaram a virulência dos biofilmes, verificada pelo aumento da expressão gênica de 
adesinas e aspartil-proteinases, aumento da proporção de hifas e maior invasão epitelial.  
A interação de C. albicans com outros micro-organismos, entretanto, nem 
sempre se mostrou sinérgica. A morfogênese de C. albicans e a regulação de adesinas 
específicas da parede celular de hifas foi inibida após o co-cultivo com Porphyromonas 
gingivalis. Entretanto, a regulação gênica de aspartil-proteinases foi ampliada sob as 
mesma condições. Demonstra-se, portanto, que a virulência de Candida pode ser 
modulada pela presença de outros micro-organismos. 
As condições atmosféricas nas quais o biofilme é desenvolvido constitui 
também um fator relacionado à virulência dos biofilmes. Sob condições de anaerobiose, 
os biofilmes de Candida apresentaram maior expressão de fatores de virulência e maior 
formação de hifas. Sinergicamente, o co-cultivo com estreptococos em condição de 
anaerobiose ampliou esses efeitos.  
Coletivamente, os resultados desta investigação confirmam que a espécie C. 
albicans tem papel determinante no desenvolvimento de estomatites relacionados ao uso 
de prótese. O aumento da virulência de C. albicans sob condições peri-implantares 
sugere ainda que esse micro-organismo esteja relacionado à severidade dessas 
infecções. 
Considerando-se a complexidade dos biofilmes e suas interações com o 
epitélio, destaca-se que a população bacteriana e a presença de exsudato plasmático 
sobre os tecidos consistem em fatores relevantes que estimulam a virulência e a 
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patogenicidade das infecções por Candida. Esses fatores, portanto, devem ser 
ponderados durante o manejo das infecções. 
Estudos futuros devem considerar a interação de Candida com outros micro-
organismos, a fim de identificar outros patógenos relacionados à progressão da 
candidose. Além disso, a investigação a respeito de micro-organismos probióticos e de 
moléculas de quorum sensing capazes de inibir a formação de biofilmes por Candida é 






 A película salivar, a atmosfera e população bacteriana dos biofilmes 
influenciam significativamente a virulência de C. albicans. Maior expressão de genes 
relacionados a virulência e aumento da proporção de hifas foram observados em biofilmes 
desenvolvidos (1) na presença de película de saliva com plasma; (2) em condição de 
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Anexo 2 - Laudo técnico do epitélio oral humano reconstituído, fornecido pelo 





Anexo 3: Comprovante da publicação do artigo científico “Virulence and 
pathogenicity of Candida albicans is enhanced in biofilms containing oral 
bacteria” na revista Biofouling. 
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